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INTRODUCTION: 

Risk  for  AD  is  one  of  the  most  imminent  threats  to  military  personnel  sustaining 
TBI.  A  major  challenge  in  the  field  of  TBI/AD  research  is  elucidation  of  the 
molecular  mechanisms  linking  TBI  with  tau  pathogenesis  that  is  associated  with 
AD.  This  critical  and  urgently  needed  information  will  identify  novel  therapeutic 
targets  that  will  benefit  both  military  personnel  and  civilian  population.  Our  recent 
data  indicate  that  TBI  induces  sustained  and  dramatic  endoplasmic  reticulum 
stress,  and  that  there  is  a  pathological  relationship  between  AD  tau  species  and 
the  ER  stress  sensor  PERK.  In  this  proposal  we  aim  to  establish  for  the  first  time 
the  impact  of  PERK  on  tau-mediated  pathogenesis  as  a  means  by  which  TBI 
confers  risk  for  AD.  We  will  directly  address  the  role  PERK  activity  as  a  molecular 
mediator  of  TBI-induced  tau  pathology  and  provide  unique  understanding  of  the 
association  between  TBI  and  AD.  This  understanding  is  critical  arxl  urgent  to 
develop  novel  therapeutic  strategies.  This  work  will  further  develop  a  novel 
imaging  technology  (ME-MRI)  that  will  identify  a  course  of  functional  deficits  in 
the  brain  after  injury  and  monitor  the  magnitude  at  which  these  phenomena 
persist  over  time.  This  technology  will  set  a  standard  of  disease  course  imaging 
from  TBI  to  AD  onset.  Therapies  aiming  to  interrupt  the  molecular  events 
identified  by  this  work  will  be  monitored  using  our  imaging  technology.  Finally, 
our  work  will  test  the  therapeutic  value  of  inhibiting  the  PERK,  which  is  involved 
in  several  neurodegenerative  disorders. 


KEYWORDS: 

PERK,  tau,  tauopathies,  Alzheimer’s  disease,  traumatic  brain  injury,  controlled 
cortical  impact,  neurodegeneration,  UPR,  ER  stress 
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ACCOMPLISHMENTS: 


What  were  the  major  goals  of  this  project? 

Annual  Report  1 

AIM1 

1 .  Establish  mouse  colony  and  validate  anatomical  and  volumetric  damage 
caused  by  CCI 

•  ACURO  protocol  approved 

•  Wild  type  mouse  colony  established 

•  Training  to  perform  controlled  cortical  impact  injury  model  complete 

2.  Determine  immunohistochemical  changes  in  the  brain  (and  complete  all 
MRI  analyses) 

•  Early  timeline  of  PERK  activation  complete 

•  Established  which  cell  types  show  PERK  activation 

3.  Complete  imaging  analyses  (this  work  is  completed  continuously  as 
injuries  are  performed) 

AIM2 

4.  Establish  mouse  cohorts  for  Aim  2 

•  rTg4510  transgenic  colony  established 

•  PERK  conditional  knockout  colony  backcrossed:  estimated 

completion  date:  Dec  2016 

5.  Perform  genetic  manipulation  to  activate  and  inhibit  PERK  function 

•  Establishment  of  the  PERK  conditional  knockout  colony:  estimated 

completion  date:  Dec  2016 

•  Viral  particles  are  continuously  produced  by  the  University  of 
Kentucky  Viral  Core 

6.  Perform  chemical  manipulations  to  modulate  PERK 

•  Currently  underway 

7.  Complete  data  collections  and  analysis  for  all  functional  measurements 
(this  work  is  completed  continuously  as  injuries  are  performed) 

•  Cohort  1  of  chemical  PERK  inhibition  following  injury  data  collection 
-  MEMRI,  behavioral  analyses  (novel  object  recognition,  radial  arm 
water  maze) 

•  Data  collection  for  first  four  cohorts  of  PERK  inhibition  following 
injury  (MEMRI,  behavior,  immunohistochemical  staining)  will  be 
complete  by  January  1,  2017 

8.  Complete  data  analysis  (this  work  is  completed  continuously  as  injuries 
are  performed) 

Annual  Report  2 

Aim  2 

1.  Chemical  inhibition  of  PERK  in  WT  and  rTg4510  mice  after  injury. 

•  Multiple  cohorts  of  animals  that  underwent  severe  injury  and  were 
treated  with  GSK2606414  for  30  days  after  injury 
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•  IHC  and  MRI  performed 

•  IHC  analyzed  (almost  complete) 

•  MRI  -  T1  MEMRI  analyzed 

•  MRI  -  T2  volumetric  analyses  completed 


What  was  accomplished  under  these  goals? 

Annual  Report  1 

During  the  first  year,  we  established  the  mouse  colony  for  experiments  in 
Aim  1  and  Aim  2,  we  successfully  performed  controlled  cortical  impact  injuries  to 
characterize  PERK  activation  following  traumatic  brain  injury,  we  performed 
MEMRI  and  analyses  following  injury,  we  established  an  early  timeline  of  PERK 
activation  using  immunohistochemical  staining,  and  we  began  to  investigate  the 
impact  of  chemical  PERK  inhibition  following  injury  on  cognition  and  neuronal 
function.  We  are  continuing  to  complete  the  goals  as  cohorts  of  mice  become 
available. 

Using  immunohistochemical  analyses  in  our  initial  studies  with  a  small 
sample  group,  we  found  that  PERK  is  more  robustly  activated  in  the  contralateral 
hemisphere  compared  to  the  ipsilateral  hemisphere  at  early  time  points  following 
injury.  However,  upon  completion  of  the  larger  cohorts,  we  identified  that  early 
activation  is  even  between  contralateral  and  ipsilateral  brain  hemispheres  (Fig.  1 
and  2).  We  also  found  that  PERK  is  active  in  neurons  (Fig.  3)  but  not  glia  as 
evidenced  by  counterstains  with  GFAP  (Fig.  4)  or  Ibal  (Fig.  5).  Using  the  non¬ 
radioactive,  puromycin-based  translation  assay  we  also  determined,  in  a  small 
cohort,  that  protein  synthesis  is  increased  at  early  time  points  in  neurons  (Fig.  6). 

Injuries  were  performed  as  previously  described  in  the  proposal;  briefly, 
mice  were  anesthetized  using  isoflurane  and  a  midline  incision  was  made.  A 
3mm  in  diameter  craniotomy  was  performed  and  mice  were  injured  using  the 
electromagnetic  CCI  machine  at  1 .5m/s  with  500msec  dwell  time.  A  cranioplasty 
was  then  placed  over  the  injury  site  and  the  incision  was  sutured.  Mouse  brains 
were  collected  following  cardiac  perfusion  using  0.9%  saline.  Tissue  was 
sectioned  using  a  microtome  and  stained  using  immunofluorescence. 
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CONTRA  IPSI  CONTRA  IPSI  CONTRA  IPSI 


Annual  Report  2 

The  major  activities  in  the  last  year  were  to  complete  Sub-Aim  2.2b 
(chemical  inhibition)  and  establish  the  mice  for  Sub-Aim  2.2a  (genetic  inhibition). 
These  two  objectives  were  met.  The  specific  objectives  were  to  perform  severe 
CCI  (3.5m/s,  1.0mm  depth,  500ms  dwell)  on  WT  and  rTg4510  animals.  One  hour 
post-injury  animals  were  treated  with  PERK  inhibitor  GSK2606414  (414)  or 
vehicle  (VEH).  Treatment  continued  once  a  day  for  30  days.  Outcome 
measurements  taken  for  these  animals  included  immunohistochemical  analyses 
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Fig.  1:  Early  time  course  of  PERK  activation  after  injury.  pPERK  levels  (red)  were  measured  in 
CA1 ,  CA3,  dentate  gyrus,  and  cortex  of  ipsilateral  and  contralateral  hemispheres  to  the  injury. 
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of  specific  stains,  behavioral  analyses,  and  MRI  analyses. 


Time  post-injury 

Fig.  2:  Quantification  of  pPERK  levels  in  different  brain  regions  (CA1,  CA3,  dentate  gyrus,  and 
cortex)  in  ipsilateral  (A)  and  contralateral  (B)  hemispheres  to  the  injury.  pPERK  levels  were 
measured  at  30,  60,  and  360  min  after  injury. 


Our  significant  findings  are  that  PERK  inhibition  for  30  days  effectively 
reduced  PERK  activity,  as  expected.  Moreover,  its  downstream  target,  elF2a, 
was  also  inhibited.  Surprisingly,  we  found  that  GFAP,  a  marker  of  astrocytic 
activation,  was  also  decreased  when  treated  with  the  PERK  inhibitor.  These  data 
are  surprising  because,  as  we  determined  in  year  1 ,  PERK  is  only  activated  in 
neurons;  co-localization  immunofluorescence  with  cell  markers  demonstrated 
that  PERK  did  not  co-localize  with  GFAP  or  Ibal  (Fig.  3-5).  Therefore,  we 
suspect  the  compound  inhibits  neuronal  signaling  to  astrocytes.  This  hypothesis 
would  uncover  a  remarkable  mechanism  of  intercellular  communication,  which 
we  plan  to  explore  in  the  future.  Finally,  and  also  counter  to  our  expectations, 
brain  volume  was  decreased  in  animals  that  were  injured  and  treated  with  the 
compound.  These  data  suggest  that  treatment  with  the  inhibitor  is  either  not 
beneficial  (promotes  atrophy  post-injury)  or  reduces  inflammation.  The  former 
would  lead  us  to  establish  an  earlier  time  course  because  we  anticipate  that 
inhibiting  self-regulation  of  the  UPR  for  30d  might  improve  short-term  outcomes, 
which  would  be  shadowed  by  overall  tissue  damage.  The  latter  would  suggest 
that  414  has  an  anti-inflammatory  effect,  but  whether  this  is  beneficial  remains  to 
be  determined. 

Other  significant  findings  are  the  extent  of  PERK  activation  after  injury. 
Per  our  recent  preliminary  results,  PERK  activity  is  increased  throughout  the  30d 
of  treatment.  Therefore,  we  are  hesitant  to  genetically  activate  PERK  since 
inactive  PERK  levels  will  be  depleted.  However,  as  mentioned  above,  we  are  on 
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Fig.  3:  pPERK  signal  coincides  in  cells  positive  for  the  neuronal  marker  neurotrace.  Mice  were 
injured  using  CCI.  Brains  were  prepared  for  immunohistochemistry  staining  of  pPERK  and 
neurotrace  3h  post  injury. 


our  way  to  genetically  inhibit  PERK  with  the  ongoing  establishment  of  PERK-cKO 
mice. 

Key  to  these  findings  is  the  context  of  functional  outcomes.  We  had 
proposed  to  perform  cognitive  testing  (Fig.  7-8).  Preliminary  data  showed  that  the 
injured  mice  did  not  display  the  cognitive  defects  that  should  have  been  evident. 
This  puzzling  and  negative  result  was  disconcerting.  Similar  to  other  concurrent 
studies  in  my  lab,  mice  did  not  display  cognitive  alterations  as  predicted  in  the 
literature.  We  attribute  this  phenomenon  to  the  construction  of  a  new  research 
building  in  a  lot  adjacent  to  where  our  animals  are  housed.  We  believe 
construction  of  the  foundations  have  affected  the  mice  such  that  they  all  perform 
poorly  in  the  novel  object  recognition  test.  We  are  currently  evaluating  which 
would  be  the  best  strategy  to  obtain  functional  data  and  truly  test  if  the  compound 
offers  benefits.  Nonetheless,  since  the  end  of  construction  of  the  foundation 


Fig.  4:  pPERK  signal  is  not  in  GFAP-positive  cells.  Mice  were  injured  using  CCI.  Brains  were 
prepared  for  immunohistochemistry  staining  of  pPERK  and  neurotrace  3h  post  injury. 


coincides  with  the  establishment  of  our  new  colony  of  PERK  knockout  mice,  we 
should  have  cohorts  born  in  a  more  “stress  free”  environment.  We  will  be  able  to 
test  changes  in  cognitive  outcomes  with  this  new  cohort. 


What  opportunities  for  training  and  professional  development  has  the 
project  provided? 

This  project  provided  the  opportunity  to  become  proficient  in  the  CCI 
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Fig.  5:  pPERK  signal  is  not  in  Ibal -positive  cells.  Mice  were  injured  using  CCI.  Brains  were 
prepared  for  immunohistochemistry  staining  of  pPERK  and  neurotrace  3h  post  injury. 

Arrowhead  posints  at  Ibal -positive  stain 

models  of  injury.  One  graduate  student  successfully  completed  training  from  Dr. 
Kathryn  Saatman,  and  she  is  working  to  train  other  students  in  our  lab.  She 
recently  passed  her  qualifying  exam  to  become  a  PhD  candidate.  This  award  has 
also  allowed  for  professional  development  in  allowing  us  to  expand  our 
knowledge  and  relationships  with  TBI  experts  at  the  National  Neurotrauma 
Society  annual  meeting  and  the  Alzheimer’s  Association  International 
Conference.  One  graduate  student  presented  her  work  at  both  meetings  and 
received  feedback  to  aid  in  data  interpretation.  These  meetings  greatly  expanded 
our  knowledge  on  the  most  recent  findings  in  the  TBI  field. 

This  project  also  enhanced  professional  development  in  my  lab  by 
allowing  work  to  be  presented  at  the  Alzheimer’s  Disease/Parkinson’s  Disease 
(ADPD)  2017  and  Alzheimer’s  Association  International  Conference  2017.  One 
graduate  student  presented  her  work  at  both  meetings  and  received  feedback  to 
aid  in  data  interpretation.  These  meetings  greatly  expanded  our  knowledge  on 
the  most  recent  findings  in  the  TBI  field.  Importantly,  I  presented  these  data  in 
the  2017  IPR  Briefing  where  I  obtained  critical  insight  from  Roderick  Corriveau 

(NIH/NINDS),  Heather  Snyder  (Alzheimer’s 
Association),  and  Eliezer  Masliah  (NIA). 
Unfortunately,  I  was  unable  to  physically 
attend  the  briefing;  however,  our  impactful 
results  encouraged  a  conversation  via 
email  and  during  ADPD  2017. 

How  were  the  results  disseminated  to 
communities  of  interest? 

Annual  Report  1 

Data  collected  from  this  project  was 
presented  at  two  separate  meetings  and  in 
department  level  seminars.  We  anticipate 
submitting  a  manuscript  within  the  next  few 
weeks  to  the  Journal  of  Neurotrauma.  Two 
other  manuscripts  are  in  preparation;  they 
focus  on  the  impact  of  PERK  inhibition  on 


30min  360min 


Fig.  6:  Puromycinylated  proteins  are 
increased  in  hippocampus  after  CCI. 
Puromycin  tags  newly-synthesized 
proteins.  Brains  were  prepared  for 
staining  3h  post-injury.  Puromycin 
was  injected  30min  before 
harvesting  brains. 
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Non-transgenic  rTg4510 

Fig.  7:  Open  field  preliminary  results.  Sham:  not 
injured.  CCI:  controlled  cortical  injury.  Veh:  vehicle 
treated.  414:  PERK  inhibitor  GSK2606414. 
rTa4510:  tau  transaenic  mice. 

currently  have  the  manuscript  drafted  and  a 
Neurotrauma  by  the  end  of  the  month. 


tau  and  the  impact  of  genetic 
PERK  inhibition  on  adverse 
consequences  of  TBI. 

Annual  Report  2 

Data  collected  from  this 
project  was  presented  at  two 
separate  meetings  and  has  been 
presented  at  multiple  department 
level  seminars.  The  anticipated 
manuscript  submission  was 
delayed  after  further  critical 
analysis  of  the  data  collected.  We 
preparing  to  send  it  to  the  Journal  of 


What  do  you  plan  to  do  during  the  next  reporting  period  to  accomplish  the 
goals? 


During  the  next  reporting  period,  we  plan  to  complete  all  Major  Tasks. 
Considering  that  construction  may  have  hampered  our  ability  to  measure 
changes  in  cognition,  we  might  have  to  alter  our  plan  in  order  to  realistically 
complete  the  aims  by  the  time  of  the  end  of  the  project.  We  will  begin  surgeries 
on  the  PERK  knockout  mice  that  will  be  injected  with  tau  virus.  We  also  plan  to 
begin  injuries  in  wildtype  animals  to  parse  out  the  most  beneficial  window  of 
treatment  following  injury. 
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WT  rTg4510 

Fig.  8:  Novel  Object  Recognition  preliminary  results.  Sham:  not  injured.  CCI: 
controlled  cortical  injury.  Veh:  vehicle  treated.  414:  PERK  inhibitor 
GSK2606414.  rTg4510:  tau  transgenic  mice. 
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WT  rTg4510  WT  rTg4510 


Fig.  9:  MEMRI  results.  MEMRI  did  not  detect  defects  in  hippocampus  as  a  result  of  injury. 

IMPACT: 

What  was  the  impact  on  the  development  of  the  principal  discipline(s)  of 
the  project? 

Annual  Report  1 

Although  we  are  continuously  working  on  increasing  our  sample  size  for 
each  experimental  group,  our  preliminary  data  suggest  that  CCI  impacts  neurons 
before  glia.  This  is  a  surprising  finding  considering  that  previous  data  in  related 
fields  of  neurodegeneration  suggest  that  inflammatory  responses  would  be  more 
prevalent.  In  addition,  it  would  explain  why  cognition  is  the  first  faculty  to  be 
impacted  immediately  after  injury.  Another  surprising  finding  is  that  injured 
neurons  are  the  primary  cell  type  that  increases  protein  synthesis.  The  identity  of 
these  proteins  is  unknown,  and  we  hypothesize  that  they  correspond  to  stress 
proteins,  such  as  PERK,  and  not  synaptic  proteins. 

Annual  Report  2 

So  far  our  data  have  shown  that  PERK  plays  a  critical  role  in  the  brain’s 
response  to  head  injury,  but  the  exact  nature  of  that  role  is  still  unclear.  Shortly 
after  injury  and  despite  acute  PERK  activation,  the  hippocampus  increases 
protein  synthesis  as  evidenced  by  puromycin  uptake  (Fig.  6).  Moreover,  PERK 
inhibition  for  30d  decreases  brain  volume.  These  are  two  examples  of 
unexpected  results  that  make  the  next  steps  of  this  project  fascinating. 

From  a  technical  perspective,  progress  in  the  project  has  enhanced  our 
ability  to  use  MRI  for  careful  and  accurate  measurement  of  brain  volume  (Fig. 

10).  These  approaches  are  now  being  used  in  other  animal  studies  in  my  lab.  I 
have  also  been  approach  by  another  local  lab  after  presenting  our  volumetric 
MRI  results  for  a  collaborative  project.  In  addition,  we  used  the  in  vivo  puromycin 
technique  for  another  major  project  in  my  lab.  The  goal  of  the  experiment  is  to 
identify  changes  in  the  synthesis  of  new  proteins  as  a  consequence  of  tau 
pathology.  We  received  our  first  set  of  results  where  puromycinylated  proteins 
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from  tau  transgenic  mouse  brains  were  identified  using  LC-MS/MS. 


(30d)  (3d)  (30d)  (30d)  (3d)  (30d)  (30d)  (30d)  (30d)  (30d) 


WT  rTg4510 

Fig.  9:  T2  volumetric  measurements.  414  decreased  brain  volume  after  injury.  No  change  was 
detected  in  tau  transgenic  mice;  this  is  likely  because  brain  atrophy  that  is  characteristic  of 
rTg4510  mice  reached  the  limit.  Prevention  of  atrophy  would  have  likely  been  detectable. 


What  was  the  impact  on  other  disciplines? 

Annual  Report  1 

Nothing  to  report 

Annual  Report  2 

Nothing  to  report 

What  was  the  impact  on  technology  transfer? 

Annual  Report  1 

Nothing  to  report 

Annual  Report  2 

Nothing  to  report 

What  was  the  impact  on  society  beyond  science  and  technology? 

Annual  Report  1 

Nothing  to  report 

Annual  Report  2 

Nothing  to  report 
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Fig.  10:  Orthogonal  views  for  T2  volumetric  analysis.  414-treated  mice  show  changes  in  the 
injury  phenotype. 


CHANGES/PROBLEMS: 


Changes  in  approach  and  reasons  for  change 

Annual  Report  1 

We  injured  mice  and  analyzed  PERK  activation  at  earlier  time  points 
than  originally  suggested  to  optimize  the  timing  of  the  drug  delivery  for  chemical 
PERK  inhibition.  We  wanted  to  make  sure  we  were  targeting  an  appropriate 
window.  Now  that  we  have  a  clear  therapeutic  window,  we  will  continue  our  time 
points  as  established  in  the  proposal. 

Annual  Report  2 

We  included  experiments  with  altered  length  of  chemical  PERK 
inhibition.  PERK  inhibition  for  30  days  promotes  brain  atrophy,  which  would  be 
considered  detrimental.  However,  30d  inhibition  abrogated  tau  pathology.  We 
altered  the  length  of  treatment  to  investigate  the  effects  on  TBI  outcomes  and  tau 
outcomes. 


Actual  or  anticipated  problems  or  delays  and  actions  or  plans  to  resolve 
them 

Annual  Report  1 

Currently,  our  major  delay  comes  from  establishing  the  PERK 
conditional  knockout  colony.  The  animals  have  been  backcrossed,  but  now  we 
must  have  the  appropriate  parental  cross  to  ensure  maximal  usable  offspring  for 
future  experiments.  This  requires  the  animals  to  age  to  appropriate  breeding  age 
before  we  can  perform  any  experiments. 

Annual  Report  2 

Two  major  problems  we  observed  were  in  the  behavioral  studies  and 
the  MEMRI  outcomes.  For  behavior,  the  first  cohorts  of  animals  (n=6-8  per 
group)  showed  that  the  tests  were  not  sensitive  enough  to  detect  changes;  we 
think  this  is  due  to  construction  occurring  on  campus.  Additionally,  our 
measurements  on  MEMRI  (in  multiple  regions)  show  that  this  test  is  not  sensitive 
enough  to  detect  changes  between  sham  and  injured  animals. 


11 


Changes  that  had  a  significant  impact  on  expenditures 

Annual  Report  1 

No  changes  that  have  had  significant  impact  on  expenditures 
Annual  Report  2 

No  changes  that  have  had  significant  impact  on  expenditures 

Significant  changes  in  use  or  care  of  human  subjects,  vertebrate  animals, 
biohazards,  and/or  select  agents 

Annual  Report  1 
Nothing  to  report 

Annual  Report  2 
Nothing  to  report 

Significant  changes  in  use  or  care  of  human  subjects 

Annual  Report  1 
Not  applicable 

Annual  Report  2 
Not  applicable 

Significant  changes  in  use  or  care  of  vertebrate  animals. 

Annual  Report  1 
Nothing  to  report 

Annual  Report  2 
Nothing  to  report 

Significant  changes  in  use  of  biohazards  and/or  select  agents 

Annual  Report  1 
Nothing  to  report 

Annual  Report  2 
Nothing  to  report 


12 


PRODUCTS: 


Publications,  conference  papers,  and  presentations  Report  only  the  major 
publication(s)  resulting  from  the  work  under  this  award. 

Journal  publications. 

Nothing  to  report 

Books  or  other  non-periodical,  one-time  publications. 

Nothing  to  report 

Other  publications,  conference  papers,  and  presentations. 

Conferences  and  Symposia 

1.  Meier,  S.  Abisambra,  JF.  PERK  activation  in  controlled  cortical  impact 
model  ofTBI  National  Neurotrauma  Society  Annual  Meeting.  Lexington, 
KY.  2016.  Poster 

2.  Meier  S,  Bell  M,  Lyons  DN,  Rodriguez-Rivera  J,  Ingram  A,  Fontaine  SN, 
Mechas  E,  Chen  J,  Wolozin  B,  LeVine  H  3rd,  Zhu  H,  Abisambra  JF. 
Pathological  Tau  Promotes  Neuronal  Damage  by  Impairing  Ribosomal 
Function  and  Decreasing  Protein  Synthesis.  Alzheimer’s  Association 
International  Conference.  Toronto,  Canada.  July  2016.  Podium. 

Received  travel  award  from  Alzheimer’s  Association 

3.  Meier  S,  Boychuk  J,  Smith  B,  Saatman  K,  Abisambra  J.  Post-injury 
PERK  inhibition  in  a  mouse  model  of  tauopathy.  International  Conference 
on  Alzheimer’s  and  Parkinson’s  Diseases  (AD/PD).  Vienna,  Austria. 
March  2017.  Poster. 

4.  Meier  S,  Lanzillotta,  C.,  Galvis  S.,  Saatman  K.,  Boychuk  J.,  Smith  B., 
Abisambra  J.  Post-injury  PERK  inhibition  in  a  mouse  model  of  tauopathy. 
Alzheimer’s  Association  International  Conference.  London,  UK.  July  2017. 
Poster. 

Received  travel  award  from  UK  COM 
Invited  talks: 

University  of  Rochester 

Rochester,  NY 

1 1/2016  Department  of  Pharmacology  Seminar  Series:  “Lost  in 

translation:  mechanisms  of  tau-mediated  neurotoxicity.” 

University  of  Florida 

Gainesville,  FL 

04/2017  PSP/LBD  Think  Tank  VI:  “Novel  molecular  mechanisms  of 

tauopathies  involving  PERK  and  ribosomal  function.” 
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VA  Think  Tank 

Clearwater,  FL 

04/2017  “TBI,  ER  stress,  and  Tauopathies” 

International  Clinical  Research  Center  (FNUSA-ICRC) 

09/2017  Brno,  Czech  Republic 

“Altered  RNA  translation  as  an  essential  pathogenic  event 
tauopathies.” 

University  of  Florida 

09/2017  Gainesville,  FL 

“Lost  in  Translation:  ER  stress  and  ribosomal  damage  in 
tauopathies.” 


Website(s)  or  other  Internet  site(s) 

Nothing  to  report 

Technologies  or  techniques 

Nothing  to  report 

Inventions,  patent  applications,  and/or  licenses 

Nothing  to  report 


Other  Products 

Nothing  to  report 


PARTICIPANTS  &  OTHER  COLLABORATING  ORGANIZATIONS 


What  individuals  have  worked  on  the  project?  Provide  the  following 
information  for:  (1)  PDs/PIs;  and  (2)  each  person  who  has  worked  at  least  one 
person  month  per  year  on  the  project  during  the  reporting  period,  regardless  of 
the  source  of  compensation  (a  person  month  equals  approximately  160  hours  of 
effort).  If  information  is  unchanged  from  a  previous  submission,  provide  the  name 
only  and  indicate  "no  change. "  Example: 


Name: 

Joe  Abisambra 

Project  Role: 

PI 

Researcher  Identifier 
(e.g.  ORCID  ID): 

Nearest  person  month 
worked: 

Contribution  to  Project: 

Funding  Support: 

No  change 

Name: 

Kathryn  Saatman,  PhD 

Project  Role: 

Collaborator 

Researcher  Identifier 
(e.g.  ORCID  ID): 

Nearest  person  month 
worked: 

1 

Contribution  to  Project: 

Dr.  Saatman  trained  Shelby  Meier  in  the  CCI  model  of 
injury 

Funding  Support: 

No  change 

Name: 

Shelby  Meier 

Project  Role: 

Graduate  Student 

Researcher  Identifier 
(e.g.  ORCID  ID): 

0000-0003-1946-9004 

Nearest  person  month 
worked: 

6 

Contribution  to  Project: 

Shelby  has  performed  all  CCI  injuries,  the  majority  of  the 
MEMRI  scans  and  analyses,  all  immunohistochemical 
staining  and  analyses,  and  all  behavioral  studies. 

Funding  Support: 

University  of  Kentucky  IBS  program 

Name: 

Grant  Nation 

Project  Role: 

Colony  manager 
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Researcher  Identifier 
(e.g.  ORCID  ID): 

Nearest  person  month 
worked: 

10 

Contribution  to  Project: 

Grant  takes  care  of  all  the  animals  for  this  project  and 
ensures  proper  genotype. 

Funding  Support: 

R01  NS091 329-01 A1 

Name: 

Bret  Smith 

Project  Role: 

Collaborator 

Researcher  Identifier 
(e.g.  ORCID  ID): 

Nearest  person  month 
worked: 

1 

Contribution  to  Project: 

Dr.  Smith  offered  feedback  and  expertise  in  interpreting 
results. 

Funding  Support: 

Collaborator 

Has  there  been  a  change  in  the  active  other  support  of  the  PD/PI(s)  or 
senior/key  personnel  since  the  last  reporting  period? 

Nothing  to  report 

What  other  organizations  were  involved  as  partners? 

Organization  Name:  GlaxoSmithKline 
Location  of  Organization:  Collegeville,  PA 

Partner's  contribution  to  the  project:  GSK  developed  the  chemical 
PERK  inhibitor  used  for  this  project,  and  supplies  it  for  us. 
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The  Impact  of  PERK  on  Posttraumatic  Tauopathy  in  Alzheimer's  Disease 

AZ1 40097  Task  Title  Here 
W81XWH-1 5-1 -0551 

PI:  Jose  Abisambra,  PhD  Org:  University  of  Kentucky  Award  Amount:  $500,000  (direct) 


Study/Product  Aim(s) 

•  Aim  1 :  Determine  the  extent  to  which  TBI  severity  induces  PERK 
activation  in  mice  over  time. 

•  Aim  2:  Determine  the  effect  of  PERK  modulation  on  tau  pathology 
and  brain  function  after  TBI. 


Approach 

Mouse  cohorts  will  undergo  a  sham  (control),  mild  (0.4mm  depth),  moderate  (0.7mm  depth),  or 
severe  (1.0mm  depth)  cortical  contusion  injury  (CCI).  Throughout  a  90-day  period  (days  1,  7, 14, 
30,  45,  60,  75,  and  90)  we  will  measure  the  distribution  and  intensity  of  PERK  activity  using  MRI. 
We  also  seek  to  1)  establish  which  cell  types  harbor  active  PERK  signal,  2)  determine  changes  in 
the  downstream  effectors  of  the  PERK  pathway,  3)  determine  the  rate  of  new  protein  synthesis 
as  a  functional  consequence  of  PERK  activation,  and  4)  determine  changes  in  spare  tissue  as  a 
consequence  of  CCI.  We  will  test  this  aim  in  two  sub-aims.  Sub-Aim  2.1  will  determine  how 
PERK  activation  increases  tau  pathology  and  brain  dysfunction  in  TBI  mice  compared  to 
controls.  PERK  activation  will  be  induced  by  two  means:  1)  genetically  altering  mice  using 
adeno-associated  viral  particles  containing  PERK  cDNA  and  2)  using  a  chemical  compound  to 
induce  PERK  activation.  Sub-Aim  2.2  will  determine  how  PERK  inhibition  will  attenuate  the  tau 
pathology  and  brain  dysfunction  that  occurred  in  the  TBI  mice.  The  primary  outcomes  of  Aim  2 
are  to  measure  changes  in  brain  function  (using  cognitive  testing,  ME-MRI,  and 
electrophysiology)  and  tau  pathology.  Secondarily,  we  will  measure  changes  in  activation  of  the 
PERK  pathway,  brain  volume,  cell  types  affected,  and  changes  in  protein  synthesis. 


2  major  activities 
since  last  report: 

1)  Begin  CCI 

2)  Begin  MRI 


Determine  the  effect 


Timeline  and  Cost 


TIMETABLE 

AIMS /TASKS 

HOT 

IOT 

IOT 

Task  7:  Complete  dala  collections  and  analysis  for  aU  function,!  measurements - 

Goals/Milestones  Task  1  and  5  (deliverables  relevant  to  1st  and  2nd 
quarters) 

Task  1  -  Establish  mouse  colony  and  validate  anatomical  damage  by  CCI 
0  ACURO  approval 

0  Establish  mouse  cohort  and  perform  CCI:  in  progress 
0  MRI  scans  began 

Task  5  -Perform  genetic  manipulation  to  activate/inhibit  PERK  function 

0  Obtain  viral  particles 

Comments/Challenges/lssues/Concerns 

•  No  issues/concerns  to  report 

Budget  Expenditure  to  Date 

Projected  Expenditure: 

Actual  Expenditure: 


Updated:  10/10/17 
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Identification  of  Novel  Tau  Interactions  with  Endoplasmic 
Reticulum  Proteins  in  Alzheimer’s  Disease  Brain 

Shelby  Meiera,  Michelle  Bella,  Danielle  N.  Lyons3,  Alexandria  Ingram3,  Jing  Chenb,  John  C. 

Genselc  e,  Haining  Zhub,  Peter  T.  Nelsona  d,  and  Jose  F.  Abisambraae’* 

aSanders  Brown  Center  on  Aging,  University  of  Kentucky,  Lexington,  KY,  USA 

department  of  Molecular  and  Cellular  Biochemistry,  University  of  Kentucky,  Lexington,  KY,  USA 

cSpinal  Cord  and  Brain  Injury  Research  Center,  University  of  Kentucky,  Lexington,  KY,  USA 

department  of  Pathology,  Division  of  Neuropathology,  University  of  Kentucky,  Lexington,  KY, 

USA 

department  of  Physiology,  College  of  Medicine,  University  of  Kentucky,  Lexington,  KY,  USA 

Abstract 

Alzheimer’s  disease  (AD)  is  a  progressive  neurodegenerative  disorder  that  is  pathologically 
characterized  by  the  formation  of  extracellular  amyloid  plaques  and  intraneuronal  tau  tangles.  We 
recently  identified  that  tau  associates  with  proteins  known  to  participate  in  endoplasmic  reticulum 
(ER)-associated  degradation  (ERAD);  consequently,  ERAD  becomes  dysfunctional  and  causes 
neurotoxicity.  We  hypothesized  that  tau  associates  with  other  ER  proteins,  and  that  this  association 
could  also  lead  to  cellular  dysfunction  in  AD.  Portions  of  human  AD  and  non-demented  age 
matched  control  brains  were  fractionated  to  obtain  microsomes,  from  which  tau  was  co- 
immunoprecipitated.  Samples  from  both  conditions  containing  tau  and  its  associated  proteins  were 
analyzed  by  mass  spectrometry.  In  total,  we  identified  91  ER  proteins  that  co-immunoprecipitated 
with  tau;  15.4%  were  common  between  AD  and  control  brains,  and  42.9%  only  in  the  AD 
samples.  The  remainder,  41.8%  of  the  proteins,  was  only  seen  in  the  control  brain  samples.  We 
identified  a  variety  of  previously  unreported  interactions  between  tau  and  ER  proteins.  These 
proteins  participate  in  over  sixteen  functional  categories,  the  most  abundant  being  involved  in 
RNA  translation.  We  then  determined  that  association  of  tau  with  these  ER  proteins  was  different 
between  the  AD  and  control  samples.  We  found  that  tau  associated  equally  with  the  ribosomal 
protein  L28  but  more  robustly  with  the  ribosomal  protein  P0.  These  data  suggest  that  the 
differential  association  between  tau  and  ER  proteins  in  disease  could  reveal  the  pathogenic 
processes  by  which  tau  induces  cellular  dysfunction. 


Correspondence  to:  Jose  F.  Abisambra,  Sanders-Brown  Center  on  Aging  and  Department  of  Physiology,  College  of  Medicine, 
University  of  Kentucky,  800  S  Limestone  Street,  Lexington,  KY  40536-0230,  USA.  Tel.:  +1  859  218  3852;  ;  Email: 
joe.  abisambra  @  uky.edu 

Authors’  disclosures  available  online  (http://j-alz.com/manuscript-disclosures/15-0298r2). 
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INTRODUCTION 

Alzheimer’s  disease  (AD)  is  a  progressive  neurodegenerative  disorder  that  affects  5.2 
million  Americans  [1]  and  36  million  people  worldwide  [2].  This  number  is  expected  to  rise 
to  13.8  million  by  2050.  The  direct  and  indirect  costs  of  maintaining  the  quality  of  life  of 
AD  amounts  to  $203  billion  annually.  Since  there  is  currently  no  cure  for  AD,  and 
therapeutic  interventions  are  ineffective  in  preventing  the  dramatic  rise  of  patients, 
expenditures  are  projected  to  reach  $1.2  trillion  annually  by  2050. 

The  pathological  hallmarks  of  AD  consist  of  amyloid  plaques  and  neurofibrillary  tangles 
(NFTs).  Plaques  result  from  extracellular  aggregation  of  a  40-42  amino  acid  peptide  termed 
amyloid-P  (Ap)  (reviewed  in  [3]).  Meanwhile,  NFTs  are  intraneuronal  lesions  comprised  of 
aberrant  aggregates  of  the  microtubule-associated  protein  tau.  Within  NFTs,  tau  is 
abnormally  folded,  oligomerized,  hyperphosphorylated,  and  mislocalized  [4-6].  In  AD,  as 
well  as  in  other  tauopathies,  tau  becomes  neurotoxic  [7];  however,  the  exact  mechanisms 
leading  to  tau  neurotoxicity  have  not  been  identified. 

As  a  microtubule  stabilizing  protein  [8],  tau  interacts  with  various  other  proteins  that  are 
transported  along  microtubules.  Pathogenic  tau  adopts  a  P-pleated  sheet  conformation  [9], 
rendering  it  hydrophobic  and  able  to  bind  non- specifically  to  other  proteins  and  itself 
(reviewed  in  [10,  11]).  In  many  cases,  these  aberrant  linkages  have  deleterious  consequences 
to  the  functions  and  processes  in  which  tau-associated  proteins  participate  [11-16].  For 
example,  soluble,  pathological  tau  conformers  associate  with  endoplasmic  reticulum  (ER)- 
associated  degradation  (ERAD)  proteins,  and  abrogate  ERAD  function  [12]. 

Recent  studies  suggest  that  a  key  mechanism  of  neuronal  dysfunction  in  neurodegenerative 
diseases  is  impaired  protein  synthesis  [17].  This  phenomenon  could  be  the  result  of  tau- 
mediated  impairment  of  ribosomal  function.  Tau  normally  associates  with  ribosomes  [18]. 
However,  due  to  its  intrinsically  disordered  conformation,  which  is  amplified  in  disease,  tau 
binds  to  proteins  that  participate  in  RNA  translation  thereby  impairing  translation  [19]. 
Thusly,  a  mechanism  of  tau-mediated  neurodegeneration  could  implicate  aberrant  tau- 
ribosomal  interactions. 

In  the  current  study,  we  sought  to  identify  tau-associated  ER  proteins  with  particular 
emphasis  on  proteins  involved  in  RNA  translation.  We  hypothesized  that  tau-associated  ER 
proteins  could  serve  as  potential  therapeutic  targets.  We  identified  tau-interacting  ER 
proteins  in  both  AD  and  non- AD  brains  with  an  integrated  approach  involving  sub-cellular 
fractionation,  co-immunoprecipitation,  and  mass  spectrometry.  We  established  three  types  of 
tau-associated  ER  proteins:  those  that  were  identified  in  AD  brains,  others  that  were  only 
identified  in  non- AD  brains,  and  those  that  were  common  to  both.  Interestingly,  85%  of  the 
proteins  we  identified  had  not  been  previously  established  as  associating  with  tau.  Among 
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them,  were  several  proteins  that  participate  in  RNA  translation.  To  validate  our  approach,  we 
focused  on  the  ribosomal  proteins  L28  and  PO,  which  had  not  been  previously  identified  to 
be  associated  with  tau,  and  we  found  that  tau  associated  more  robustly  with  PO  in  the  AD 
brain.  Overall,  these  data  suggest  that  changes  in  the  association  between  tau  and  ER 
proteins  could  underlie  pathogenic  mechanisms  leading  or  contributing  to  cellular 
dysfunction  evident  in  AD.  Further  characterization  and  validation  of  AD  tau-associated  ER 
proteins  and  their  functions  could  lead  to  better  understanding  of  the  pathogenesis  of  AD 
and  other  tauopathies. 

MATERIALS  AND  METHODS 

Human  brain  samples 

Samples  were  obtained  from  the  University  of  Kentucky- Alzheimer’s  Disease  Center  Tissue 
Bank.  All  sample  collection  and  experimental  procedures  involving  human  subjects  were  in 
compliance  with  the  University  of  Kentucky  Institutional  Review  board  (IRB)  protocols. 
Samples  from  the  superior  and  mid-temporal  gyrus  (Brodmann  areas  21/22)  were  used.  AD 
tissues  were  from  symptomatic  individuals  and  they  were  neuropathologically  scored  as 
Braak  V  (female,  93  years  old),  VI  (male,  88  years  old),  and  VI  (female,  80  years  old);  non- 
demented  control  samples  were  scored  Braak  I  (male,  79  years  old),  II  (female,  94  years 
old),  and  II  (female,  88  years  old).  The  average  postmortem  interval  (between  death  and  the 
tissue  being  snap-frozen  in  liquid  nitrogen)  was  3.0  h. 

Microsome  isolation 

Microsomes  were  isolated  as  previously  described  [20,  21]  and  modified  for  brain  [22]. 
Briefly,  200  mg  of  human  brain  samples  were  dounce  homogenized  in  0.25  M  sucrose 
containing  IX  protease  inhibitor  mixture  (Calbiochem),  100  mM  phenylmethylsulfonyl 
fluoride,  and  IX  phosphatase  inhibitor  II  and  III  cocktails  (Sigma).  All  samples  were  then 
centrifuged  at  16,000  x  g  for  15  min  at  4°C.  The  supernatant  was  transferred  and  centrifuged 
at  100,000  x  g  for  1  h  at  4°C.  The  pellet,  which  corresponded  to  the  microsomal  protein 
fraction,  was  resuspended  in  RIPA  buffer  containing  IX  protease  inhibitor  mixture 
(Calbiochem),  100  mM  phenylmethylsulfonyl  fluoride,  and  IX  phosphatase  inhibitor  II  and 
III  cocktails  (Sigma). 

Co-immunoprecipitations  (co-IP)  and  western  blotting 

Co-IP  was  performed  as  previously  described  [23]  using  antibodies  for  tau  (Tau5  EMD 
Millipore),  actin  (Sigma- Aldrich),  RPL28  (GeneTex),  or  RPP0  (Gene-Tex).  Western  blots 
were  performed  as  previously  described  [24] .  Briefly,  20  pg  of  protein  were  denatured  by 
mixing  with  a  sample  buffer  (consisting  of  2x  Laemmli  buffer  with  5%  (3-mercaptoethanol) 
and  subjecting  to  heat  at  100°C  for  10  min.  Samples  were  loaded  in  10%  tris-glycine  gels 
(Life  Technologies).  Gels  were  subjected  to  100  mV  until  the  dye  front  reached  the  bottom 
of  the  gel.  We  then  performed  wet  transfers  as  indicated  previously  [25].  Samples  were 
blocked  in  7%  non-fat  dry  milk  (LabScientific)  with  0.02%  sodium  azide.  This  milk  was 
used  to  mix  antibodies  for  incubation  with  the  membranes.  Antibodies  used  were  anti  total 
tau  h-150  (1:1000)  from  Santa  Cruz  Biotechnology,  actin  (1:1000)  from  Sigma,  RPL28  from 
GeneTex,  RPP0  from  GeneTex,  and  calnexin  C-20  from  Santa  Cruz  Biotechnology. 
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Immunofluorescence 

Frozen  brain  samples  were  fixed  in  4%  paraformaldehyde.  Fixed  brains  were  cryoprotected 
in  successive  24  h  increments  of  10%,  20%,  and  30%  sucrose  gradients  as  described 
previously  [26] .  Brains  were  frozen  on  a  temperature-controlled  freezing  stage,  sectioned 
(25  pm)  on  a  sliding  microtome,  and  stored  in  a  solution  of  PBS  containing  0.02%  sodium 
azide  at  4°C.  Immunostaining  was  performed  following  protocols  described  previously  with 
minor  modifications  [22].  Brain  sections  were  mounted  on  glass  slides  with  medium  (30% 
ethanol  in  PBS).  Once  dry,  sections  were  blocked  and  permeabilized  in  blocking  buffer  (4% 
normal  goat  serum,  0.2%  Triton  X-100,  and  0.02%  sodium  azide  in  TBS)  for  1  h.  Slides 
were  incubated  overnight  at  4°C  with  the  following  antibodies:  tau  h-150  (1:50),  PHF1 
(1:50),  calnexin  C-20  (1:50),  calnexin  F-17  (1-50).  Slides  were  then  washed  with  TBS  and 
incubated  with  Alexa  Fluor  488  nm  and  Alexa  Fluor  594  nm  secondary  antibodies  (Life 
Technologies)  at  1:2000  for  2  h  at  room  temperature.  Tissues  were  stained  with  Sudan  black 
to  block  autofluorescence  inherent  to  the  sample.  Slides  were  then  washed  again  and 
incubated  with  Neurotrace  (1:200)  according  to  the  manufacturer’s  recommendations.  Slides 
with  both  AD  and  control  were  stained  omitting  primary  antibodies  in  order  to  identify  non¬ 
specific  background  signal. 


Microscopy 

All  slides  were  imaged  using  a  Nikon  Eclipse  Ti  laser- scanning  confocal  microscope.  Fields 
for  colocalization  analysis  were  randomly  selected  based  upon  tau  immunolabeling  by  an 
investigator  blinded  to  group  inclusion.  Specifically,  fields  were  chosen  that  included  areas 
of  tau  staining  with  morphological  distribution  in  agreement  with  NeuN  labeling;  ER 
labeling  was  not  considered  in  field  selection.  All  immunolabeling  acquisition  intensities, 
field  sizes,  and  microscopy  settings  were  kept  consistent  across  all  images.  Scatter  plots  and 
images  for  graphical  representation  of  co-localization  were  prepared  using  the  NIS  Elements 
4.20  (Nikon)  and  Photoshop  Cs6  (Adobe)  software  programs  and  were  based  upon  cells  that 
most  closely  approximated  the  group  means. 

Co-localization  analysis 

Images  were  analyzed  for  co-localization  as  previously  described  with  minor  modifications 
[12].  Briefly,  regions  of  interest  (ROIs)  corresponding  to  z-stack  images  of  neurons  that 
stained  positively  for  calnexin  and  tau  (either  total  tau  or  PHF1)  were  selected  for  co¬ 
localization  analysis.  Three  to  five  ROIs  were  selected  per  image,  and  there  were  at  least 
three  images  per  brain  from  three  AD  brains.  Z-stack  images  were  analyzed  according  to 
[27]  using  Pearson’s,  Manders’,  and  Costes’  (auto-threshold  and  randomization  control) 
coefficients. 

Mass  spectrometry  (MS)  and  proteomics  data  analysis 

Each  lane  in  the  gel  was  excised  into  12  major  portions  and  subjected  to  dithiothreitol 
reduction,  iodoacetamide  alkylation,  and  in-gel  trypsin  digestion  using  a  standard  protocol 
as  previously  reported  [28,  29].  The  resulting  tryptic  peptides  were  extracted,  concentrated 
to  15  pi  each  using  a  SpeedVac,  and  5  pi  was  injected  for  nano-LC-MS/MS  analysis.  LC- 
MS/MS  data  were  acquired  on  an  LTQ  Velos  Orbitrap  mass  spectrometer  (Thermo  Fisher 


J Alzheimers  Dis.  Author  manuscript;  available  in  PMC  2016  May  26. 


Author  Manuscript  Author  Manuscript  Author  Manuscript  Author  Manuscript 


Meier  et  al. 


Page  5 


Scientific,  Waltham,  MA)  coupled  with  a  Nano-LC  Ultra/cHiPLC-nanoflex  HPLC  system 
(Eksigent,  Dublin,  CA)  through  a  nano-electrospray  ionization  source.  The  tryptic  peptides 
sample  was  injected  by  an  autosampler,  desalted  on  a  trap  column,  and  subsequently 
separated  by  reverse  phase  Cl 8  column  (75  mm  i.d.  x  150  mm)  at  a  flow  rate  of  250  nL/min. 
The  HPLC  gradient  was  linear  from  5%  to  60%  mobile  phase  B  for  30  min  using  mobile 
phase  A  (H2O,  0.1%  formic  acid)  and  mobile  B  (90%  acetonitrile,  0.1%  formic  acid).  Eluted 
peptides  were  analyzed  using  data-dependent  acquisition:  peptide  mass  spectrometry  was 
obtained  by  Orbitrap  with  a  resolution  of  60,000.  The  seven  most  abundant  peptides  were 
subjected  to  collision  induced  dissociation  and  MS/MS  analysis  in  LTQ  linear  trap.  The  LC- 
MS/MS  data  were  submitted  to  a  local  MASCOT  server  for  MS/MS  protein  identification 
search  via  the  ProteomeDiscoverer  software.  The  mass  error  tolerance  was  5  ppm  for 
peptide  MS  and  0.8  Da  for  MS/MS.  All  peptides  were  required  to  have  an  ion  score  greater 
than  30  ( p<  0.05).  The  false  discovery  rate  in  each  LC-MS/MS  analysis  was  set  to  be  less 
than  1%.  Proteins  that  were  identified  in  the  actin-IP  samples  were  excluded  from  the  tau-IP 
list.  Although  tau  binds  to  actin  under  normal  conditions  this  interaction  occurs  primarily  in 
the  growth  cone  [30].  Since  tau  tangles  deposit  in  the  soma  [31],  our  results  reflect  primarily 
ER  proteins  associated  with  pathological  tau  [32]. 

Functional  categorization  of  MS  results 

Functional  descriptions  for  all  proteins  were  acquired  by  searching  for  accession  numbers  in 
the  UNIPROT  database  (http://www.uniprot.org).  Proteins  were  categorized  by  function 
(Fig.  3B).  In  some  cases,  proteins  were  multifunctional,  but  they  were  only  organized  into 
one  parameter  as  justified  by  their  primary  function. 

Western  blot  analysis 

For  western  blots,  the  relative  intensity  of  the  bands  was  measured  using  Image J.  Bands  of 
the  protein  of  interest  were  normalized  to  a  loading  control.  Statistical  analysis  of  the  bands 
was  performed  using  Student’s  /-test.  All  graphs  were  prepared  in  Prism  6  (GraphPad). 


RESULTS 


Tau  abnormally  associates  with  proteins  on  the  cytosolic  surface  of  the  ER  in  the  rTg4510 
tau  transgenic  model  [12].  VCP  and  Hrdl  are  two  examples  of  tau-associated  ER  proteins, 
and  both  of  these  proteins  play  crucial  roles  in  ERAD.  As  a  result  of  this  abnormal 
interaction,  ERAD  function  becomes  impaired  in  tau  transgenic  mice  and  in  AD  brain. 
Therefore,  we  hypothesized  that  tau  associated  with  other  ER  proteins,  the  functions  of 
which  could  similarly  be  altered  by  the  abnormal  association  with  tau. 

In  AD  brains,  tau  tangle  formation  occurs  primarily  in  neuronal  soma  [31,  33].  In  fact,  a 
large  pool  of  tau  deposits  in  the  perinuclear  region  coincident  with  the  ER  [12,  34,  35].  To 
further  characterize  this  interaction,  we  performed  subcellular  fractionation  of  three  AD  and 
three  age-matched,  non-demented  control  brains  to  isolate  the  microsomal  compartment, 
which  is  predominantly  composed  of  ER  and  associated  proteins  [36].  Tau  formed  high 
molecular  weight  complexes  (Fig.  1  A,  C)  in  AD  brains  which  is  characteristic  of 
hyperphosphorylated  and  detergent  insoluble  pathological  tau  (reviewed  in  [37]). 
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Conversely,  control  brains  showed  a  typical  tau  smear  between  48-60  kDa.  We  quantified 
the  amount  of  tau  in  the  48-60  kDa  range  of  AD  and  control  whole  brain  lysates  and 
microsomes.  We  determined  that  while  tau  levels  did  not  differ  between  whole  cell  lysates  of 
AD  and  control,  AD  microsomes  contained  34%  more  tau  than  control  (Fig.  1  A- ID).  These 
data  suggest  that  tau  shifts  in  tau  distribution  in  AD.  We  then  performed  co- 
immunofluorescent  staining  of  human  AD  and  control  brains  to  determine  the  distribution  of 
total  and  hyperphosphorylated  tau  with  the  ER  (Fig.  IE,  L).  We  co-immunofluorescently 
labeled  total  tau  or  hyperphosphorylated  tau  (pS396/S404  detected  with  PHF1)  and  calnexin, 
an  ER  transmembrane  protein  [38].  We  found  that  both  tau  and  hyperphosphorylated  tau 
decorated  the  ER  by  largely  co-localizing  with  calnexin  (Fig.  1G,  K). 

To  reveal  the  identity  of  tau-associated  ER  proteins,  we  isolated  microsomes  from  human 
AD  and  control  brains  and  performed  co-immunoprecipitation  analyses  using  an  anti-tau 
antibody  (Tau5);  actin  was  co-immunoprecipitated  from  the  same  tissues  as  a  control.  All 
samples  were  processed  for  liquid  chromatography-tandem  mass  spectrometry  (LC-MS/MS) 
(Fig.  2). 

We  applied  robust  exclusion  criteria  to  minimize  false  positive  results.  First,  each  peptide 
matched  from  a  MS/MS  spectrum  had  an  ion  score  based  on  the  calculated  probability,  p, 
that  the  observed  match  between  the  experimental  data  and  the  database  sequence  was  a 
random  event.  We  set  an  ion  score  threshold  to  achieve  p  <  0.05.  The  scores  in  the  tables 
(Protein  Score)  were  mathematically  derived  from  the  ion  scores  of  all  peptides  matched  to 
this  protein.  Confidence  in  protein  identification  is  directly  proportional  to  the  magnitude  of 
the  Protein  Score.  In  addition,  we  set  the  false  discovery  rate  at  1%  for  the  MASCOT  data 
analysis  to  ensure  the  high  confidence  of  all  proteins  identified  from  the  LC-MS/MS  data. 
Second,  proteins  that  were  identified  in  the  actin-IP  samples  were  excluded  from  the  tau-IP 
list.  Although  tau  binds  to  actin  under  normal  conditions  this  interaction  occurs  primarily  in 
the  growth  cone  [30].  Since  tau  tangles  deposit  in  the  soma  [31],  our  results  reflect  primarily 
ER  proteins  associated  with  pathological  tau  [32]. 

Data  were  submitted  to  a  local  Mascot  server  for  protein  identification  analysis.  Tau  was 
identified  in  both  the  AD  and  non- AD  samples,  indicating  that  the  co-immunoprecipitation 
was  successful.  In  addition,  a  total  of  92  proteins  were  identified  (Tables  1-3).  Of  these,  39 
(42.4%)  were  found  in  AD  brain  (Table  1),  38  (41.3%)  were  only  found  in  the  non- AD  brain 
(Table  2),  and  15  (16.3%)  were  found  in  both  AD  and  non-AD  (Table  3;  Fig.  3A). 
Interestingly,  77  of  these  (85%)  had  not  been  previously  identified  as  tau-interacting 
proteins.  Based  on  previous  work  showing  that  the  aberrant  association  of  tau  with  ERAD 
proteins  caused  ERAD  impairments  [12],  we  grouped  the  92  proteins  identified  in  our  screen 
by  functional  categories  (Fig.  3B).  Each  protein  was  assigned  a  function  based  on  the 
description  in  the  UNIPROT  database.  Figure  3B  represents  the  relative  abundance  of 
proteins  from  each  category. 

Our  screen  showed  that  the  ribosomal  proteins  L28  and  P0  co-immunoprecipitated 
differentially  with  tau  in  both  AD  and  control  brains.  More  specifically,  P0  did  not  complex 
with  tau  in  control  brains.  To  confirm  these  results,  we  co-immunoprecipitated  L28  or  P0 
from  human  AD  or  control  brain  microsomes.  We  determined  that  tau  formed  a  complex 
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with  both  L28  and  PO  (Fig.  4A,  B);  however,  the  tau-PO  association  was  much  more  robust 
in  the  AD  microsomes  than  in  control,  as  suggested  by  the  MS/MS  data  (Fig.  4C). 
Interestingly,  the  data  show  that  PO  formed  a  complex  with  high  molecular  weight  tau 
species.  We  also  performed  the  reverse  co-immunoprecipitation  by  isolating  tau  from  AD 
and  control  microsomes  and  measuring  the  levels  of  PO  and  L28  by  western  blot.  We  found 
no  significant  difference  in  the  levels  of  PO  or  L28  in  the  reverse  co-immunoprecipitation 
(Fig.  4G).  The  input  blot  shows  that  the  primary  tau  species  that  was  isolated  corresponded 
to  a  50-60kDa  tau  band  that  lacks  post- translational  modifications.  These  data  suggest  that 
PO  and  L28  associate  normally  with  tau  around  the  ER;  however,  in  AD  brains,  there  is  a 
significant  increase  in  the  association  of  high  molecular  weight  tau  (heavily  post- 
translationally  modified  and  pathological)  with  PO. 

DISCUSSION 

We  present  a  list  of  92  tau-associated  ER  proteins.  The  list  contains  proteins  that  have  been 
previously  identified  as  disease  modulators  such  as  AD-related  tau  kinases  and 
apolipoprotein  E  (ApoE).  However,  77  proteins  (85%)  have  not  been  previously  linked  to 
tau.  Among  the  identified  proteins  were  several  that  participate  in  ERAD  thereby  validating 
this  approach  with  previous  findings  [12].  Moreover,  we  show  that  the  subcellular 
fractionation-coIP-MS/MS  approach  is  sufficiently  sensitive  to  identify  different  affinities  of 
tau  for  L28  and  PO,  which  are  closely  localized  in  ribosomes. 

The  newly  identified  tau-associated  ER  proteins  could  reveal  tau  functions  that  have  not 
been  previously  described.  For  instance,  synaptojanin,  a  protein  involved  in  the  uncoating  of 
synaptic  vesicles  [39],  was  identified  as  a  tau-associated  ER  protein  in  normal,  non- AD 
brain.  This  suggests  that  tau  facilitates  synaptojanin’ s  function  and  therefore  indirectly 
participates  in  endocytic  processes  for  synaptic  function.  Similarly,  loss  of  the  tau- 
synaptojanin  interaction  would  reduce  uncoating  of  synaptic  vesicles  altering  synaptic 
function;  indeed,  synaptojanin  was  not  identified  as  a  tau-associated  ER  protein  in  the  AD 
brain  data  set.  Another  example  is  caspase-14,  which  had  not  been  previously  identified  as  a 
tau  interacting  protein  but  was  a  positive  hit  in  the  normal  brain.  This  could  be  the  first 
evidence  of  tau  cleavage  by  another  caspase  besides  caspases  3,  6,  7,  8,  and  9  [40-43].  Since 
this  association  was  not  determined  in  the  AD  brain,  it  is  possible  that  caspase-14  function  is 
beneficial,  and  loss  of  the  interaction  could  lead  to  early  pathogenesis. 

Ribosomal  proteins  constituted  the  largest  functional  category  of  tau-associated  ER  proteins. 
Yet,  since  the  immunoprecipitation  was  performed  with  Tau5,  an  antibody  that  binds  to  the 
middle  region  of  tau  (aa  210-241),  it  is  possible  that  the  co-IP  isolated  both  mature  and 
nascent  tau  (partially  translated  tau  beyond  aa  241),  the  latter  of  which  could  still  be  attached 
to  ribosomes  while  it  is  being  translated.  Identification  of  chaperones  as  tau-associated  ER 
proteins  also  supports  the  idea  that  this  is  non-pathological  nascent  tau.  However,  some  of 
these  tau-associated  ribosomal  proteins  are  different  between  the  AD  and  control  brains.  For 
instance,  ribosomal  proteins  PO  and  L28  showed  differential  association  with  pathological 
tau  suggesting  possible  disease-based  differences  that  could  alter  ribosomal  function. 

Indeed,  hyperphosphorylated  tau  associates  with  ribosomes  in  AD  and  tauopathy  models  but 
not  in  normal  models  but  the  consequences  of  this  interaction  are  unknown  [19,  44].  This  is 
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critical  to  understand  disease  mechanisms  since  ribosomal  dysfunction  has  been  associated 
with  AD  pathogenesis  [45].  Ribosomal  proteins  PO  and  L28  are  both  structural  proteins 
located  in  the  60  S  subunit.  While  the  individual  proteins  have  not  been  studied  in  depth,  the 
function  of  the  60  S  subunit  has  been  extensively  covered.  Proteins  in  this  subunit  participate 
in  ribosome  biogenesis,  all  phases  of  translation,  viral  transcription,  and  nonsense-mediated 
decay  of  mRNA  [46].  The  structural  proteins  in  the  60  S  ribosomal  subunit  play  a  critical 
part  in  joining  the  60  S  subunit  with  the  40  S  subunit.  Since  P0  and  L28  are  structural 
proteins,  it  is  possible  that  the  association  of  abnormal  tau  with  these  proteins  could  prevent 
the  coupling  of  the  60  S  subunit  with  the  40  S  subunit  and  would  subsequently  lead  to  a 
decrease  in  translation. 

Our  study  further  characterizes  region- specific  features  of  previously  identified  tau- 
interacting  proteins.  For  instance,  ApoE,  the  main  cholesterol  transporter  in  the  brain,  was 
previously  identified  as  a  tau-interacting  protein  [47].  Since  expression  of  different  ApoE 
iso-forms  confer  either  increased  risk  for  AD  (ApoE4)  or  protection  from  AD  (ApoE2),  and 
tau  is  intricately  involved  in  AD  pathology,  the  ApoE-tau  relationship  should  be  studied  in 
further  detail.  Identification  of  ApoE  in  our  study  highlights  that  this  interaction  occurs  in 
proximity  to  the  ER.  Interestingly,  ApoE  was  identified  as  a  tau- associated  ER  protein  in 
both  AD  and  non- AD  brains.  Therefore,  the  ApoE-tau  interaction  plays  a  normal  role  in  the 
brain,  and  aberrancy  of  the  interaction  could  be  a  component  of  the  AD  mechanism. 

Spectrin,  a  cytoskeletal  protein  that  was  identified  in  our  screen,  had  also  been  reported  to 
associate  with  tau  [48].  However,  the  association  occurs  as  a  consequence  of  disease  or 
trauma  instead  of  a  direct  interaction  [49,  50].  In  AD  and  traumatic  brain  injury,  axonal 
damage  activates  calpains  and  caspases  that  cleave  tau  and  spectrin.  Consequently,  cleaved 
tau  and  spectrin  levels  increase  in  parenchyma  and  cerebrospinal  fluid  [37].  These  cleavage 
products  have  been  studied  as  potential  biomarkers  of  AD  diagnosis  and  traumatic  brain 
injury  severity. 

The  association  of  a  functional  category  with  tau  is  more  robust  than  that  of  tau  with  an 
individual  protein.  Therefore,  while  Table  1  presents  interesting  leads,  Figure  3B  offers 
tantalizing  support  for  unidentified  tau  functions,  the  disturbance  of  which  could  be  linked  to 
AD.  For  example,  identification  of  complement  C3  as  a  tau-associated  ER  protein  is 
insufficient  evidence  to  suggest  involvement  of  tau  in  regulating  inflammatory  processes. 
However,  identification  of  other  proteins  that  participate  in  inflammation,  such  as  S100A8, 
S100A9,  and  inter-alpha-trypsin  inhibitor  as  tau-associated  ER  proteins,  supports  the 
possibility  of  a  role  for  tau  in  inflammation. 

Although  the  mass  spectrometry  platform  maximizes  the  sample  input  and  yields  a  high 
amount  of  data,  it  is  limited  in  the  characterization  of  protein-protein  interactions.  Therefore, 
identification  of  individual  tau  partners  must  be  validated  to  establish  whether  both  proteins 
associate  or  interact.  Albeit,  despite  the  robust  exclusion  criteria  we  applied  to  our  data,  we 
identified  tau-associated  ER  proteins  that  were  previously  validated  as  tau-interacting 
proteins  such  as  ApoE  and  annexin,  among  others  (Table  1)  [8,  47,  51].  Tubulin,  which 
interacts  with  both  tau  and  actin,  was  identified  in  both  co-immunoprecipitates.  Since  our 
exclusion  criterion  to  limit  false  positives  involved  eliminating  proteins  identified  in  the 
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actin  co-IP  from  the  tau  co-IP,  we  excluded  tubulin  from  the  list  of  tau-interacting  proteins. 
Our  approach  adds  novelty  to  these  findings  by  establishing  that  this  interaction  might  occur 
in  brain  microsomes. 

We  utilized  robust  exclusion  criteria  that  showed  no  association  between  tau  and  the 
ribosomal  protein  PO  in  non-demented  control  brain.  Further  characterization  of  these 
interactions  revealed  that  tau  indeed  associated  with  PO  in  both  the  AD  and  control  samples; 
these  data  suggest  that  the  exclusion  criteria  considered  the  less  robust  tau-PO  association 
below  the  threshold  of  a  true  positive  hit.  Furthermore,  these  data  underscore  the  importance 
of  validating  MS/MS  results  such  as  the  tau-ER  proteins  identified  herein. 

AD  is  a  complex  disease  that  often  presents  other  clinical  and  pathological  signs. 
Considering  the  complexity  of  AD  etiology,  it  is  possible  that  our  current  results  are  not 
unique  to  AD.  In  fact,  they  could  be  a  common  occurrence  in  many  and  newly-characterized 
tauopathies  [52]. 

In  conclusion,  we  performed  a  selective  identification  of  ER  proteins  that  associate  with  tau 
in  AD  and  control  brains.  Further  characterization  of  the  dynamic  changes  in  the  association 
of  tau  and  the  listed  proteins  could  reveal  novel  insights  into  the  pathogenesis  and 
progression  of  AD  and  related  tauopathies.  In  addition,  the  tau-associated  ER  proteins  in 
non- AD  brain  could  identify  tau  functions  that  have  not  been  previously  described.  Future 
efforts  involve  biochemical  validation  of  these  tau-associated  ER  proteins  as  tau-interacting 
proteins,  characterization  of  the  role  of  normal  tau  in  the  functional  categories  (Fig.  3B),  and 
determination  of  the  impact  of  pathological  tau  on  the  function  of  the  tau-associated  ER 
proteins  in  AD  brain. 
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Fig.  1. 

Tau  is  enriched  in  the  endoplasmic  reticulum  of  AD  brains.  A-D)  Representative  western 
blots  and  quantification  analysis  (of  protein  between  48-60kDa)  for  total  tau  in  whole  brain 
lysate  (WBL)  (A)  or  microsomes  (C)  in  human  non-demented  control  and  AD  brains. 
Hyperphosphorylated  tau  (pTau)  was  detected  in  the  AD  samples  only  (red  bands  in  A). 
Actin  was  used  as  loading  control  for  whole  brain  lysate.  Ponceau  S  stain  before  incubation 
with  antibody  served  as  a  loading  control  in  the  microsome  blots.  B)  Total  tau  levels  are  not 
significantly  different  in  the  whole  cell  lysates  of  AD  and  control.  D)  Tau  levels  were 
increased  in  AD  microsomes  by  39%.  E-L)  Representative  co-immunofluorescent  images  of 
human  AD  brain  showing  that  both  total  tau  and  PHF1 -positive  signal  partially  co-localize 
with  calnexin.  Sections  were  stained  with  antibodies  against  total  tau  (green;  E  and  G), 

PHF1  (green;  I  and  K),  and  calnexin  (red;  F,  G,  J,  and  K).  Cell  nuclei  were  revealed  with 
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DAPI  staining  (blue).  H,  L)  Co-localization  analysis  with  Manders  (avg.  0.79  for  total  tau 
and  0.85  for  PHF1)  and  Costes’  coefficients  reveals  that  tau  partially  co-localizes  with 
calnexin.  Scale  bar  =10  pm. 


J Alzheimers  Dis.  Author  manuscript;  available  in  PMC  2016  May  26. 


Author  Manuscript  Author  Manuscript  Author  Manuscript  Author  Manuscript 


Meier  et  al. 


Page  16 


Human  Control 
and  AD  brains 

1 

Subcellular 
fractionation  into 
microsomes 
(ER  proteins) 

/  \ 

'O  ^3 

Control  AD 


/  \  co-IP  /  \ 


Tau  Actin  Actin  Tau 

I 


Control  AD 


I 

Cut  bands,  digest 
and  analyze 
by  LC-MS/MS 

I 

>  5,000  peptide  hits 


Fig.  2. 

Experimental  procedure  for  microsome  co-IP-LC-MS/MS.  First,  microsomes  were  isolated 
from  AD  and  non- AD  control  brains.  Then,  tau  or  actin  were  co-immunoprecipitated  from 
the  microsomal  protein  fractions.  Samples  were  separated  by  SDS-PAGE,  bands  were 
revealed  and  consequently  cut  form  the  gel  by  Coomassie  staining.  Sample  proteins  were 
trypsinized  and  subjected  to  LC-MS/MS. 
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Fig.  3. 

Comparison  of  tau-associated  ER  proteins  in  AD  and  non- AD  brains.  A)  Venn  diagram 
depicting  the  distribution  of  tau-associated  ER  proteins  based  on  tissue  of  origin.  Ninety-two 
tau-associated  ER  proteins  were  identified  in  AD  and  non- AD  brains.  Of  these,  39  we  only 
found  in  AD,  38  were  only  found  in  control,  and  15  were  common  between  both  conditions. 
B)  Pie  chart  showing  the  relative  abundance  of  all  tau-associated  ER  proteins  identified  by 
function.  The  identified  proteins  were  grouped  into  functional  categories. 
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Fig.  4. 

Tau  associates  differentially  with  L28  and  PO  in  both  AD  and  control  brains.  A,  B) 
Representative  co-IP- western  blots,  in  which  the  ribosomal  proteins  L28  (A)  and  PO  (B) 
were  co-IP  from  human  control  and  AD  brains.  Total  tau  association  with  PO  and  L28  was 
determined  with  western  blot  with  an  antibody  that  recognizes  the  first  150  aa  of  tau.  C)  AD 
and  control  samples  showed  that  similar  levels  of  tau  co-immunoprecipitated  with  L28.  Tau 
co-immunoprecipitated  more  robustly  with  P0  in  the  high  molecular  weight  range  (HMW) 
when  compared  to  the  medium  and  low  molecular  weight  bands  (MMW  and  LMW).  HMW 
=  65-250  kDa;  MMW  =  60-64  kDa;  LMW  =  50-60  kDa.  D)  Representative  co-IP-western 
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blot  with  a  tau  antibody  that  recognizes  aa  210-241  (Tau5)  showed  similar  co- 
immunoprecipitation  between  tau  and  L28  or  P0.  E)  Quantification  of  panel  D  shows  that 
the  association  of  P0  and  L28  with  Tau  5  is  not  significantly  different.  F,  G)  Representative 
western  blot  shows  that  the  levels  of  L28  and  P0  in  human  control  and  AD  brain 
microsomes  are  not  statistically  significantly  different.  Grp94  was  used  as  a  loading  control 
for  microsomes. 
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Table  1 


Tau-associated  ER  proteins  in  AD  brain  only 


Accession 

Description 

Previously  described  as  a  tau- 
associated  protein? 

Score 

Q06033 

Inter-alpha-trypsin  inhibitor  heavy  chain  H3  OS  =  Homo  sapiens  GN  =  ITIH3  PE  = 

1  SV  =  2  -  [ITIH3_HUMAN] 

No 

203.13 

Q9UN36 

Protein  NDRG2  OS  =  Homo  sapiens  GN  =  NDRG2  PE  =  1  SV  =  2  - 
[NDRG2_HUMAN] 

No 

79.01 

Q8IXJ6 

NAD-dependent  deacetylase  sirtuin-2  OS  =  Homo  sapiens  GN  =  SIRT2  PE  =  1  SV 
=  2  -  [SIRT2_HUMAN] 

Indirect  and  correlative  link 
with  microtubule  dynamics  [53] 

60.57 

P27105 

Erythrocyte  band  7  integral  membrane  protein  OS  =  Homo  sapiens  GN  =  STOM  PE 
=  1  SV  =  3  -  [STOM_HUMAN] 

No 

55.41 

P08237 

6-phosphofructokinase,  muscle  type  OS  =  Homo  sapiens  GN  =  PFKM  PE  =  1  SV  = 

2  -  [K6PF_HUMAN] 

No 

54.69 

P09525 

Annexin  A4  OS  =  Homo  sapiens  GN  =  ANXA4  PE  =  1  SV  =  4  - 
[ANXA4_HUMAN] 

Interacting  partner  of  tau  to 
regulate  membrane  binding 
[51] 

53.95 

P06396 

Gelsolin  OS  =  Homo  sapiens  GN  =  GSN  PE  =  1  SV  =  1  -  [GELS_HUMAN] 

No  direct  interaction; 
overexpression  of  gelsolin 
ameliorates  neurodegeneration 
in  tau  transgenic  mice  [54]. 
Gelsolin  and  tau  bind  to  PIP2 
and  have  opposing  effects  on  its 
aggregation  [55]. 

50.52 

P19823 

Inter-alpha-trypsin  inhibitor  heavy  chain  H2  OS  =  Homo  sapiens  GN  =  ITIH2  PE  = 

1  SV  =  2  -  [ITIH2_HUMAN] 

No 

49.60 

Q12931 

Heat  shock  protein  75  kDa,  mitochondrial  OS  =  Homo  sapiens  GN  =  TRAP1  PE  =  1 
SV  =  3  -  [TRAP  1  _HUM AN] 

No 

45.81 

043813 

LanC-like  protein  1  OS  =  Homo  sapiens  GN  =  LANCL1  PE  =  1  SV  =  1  - 
[L  AN  C 1  _HUM  AN] 

No 

42.94 

P24821 

Tenascin  OS  =  Homo  sapiens  GN  =  TNC  PE  =  1  SV  =  3  -  [TENA_HUMAN] 

mRNA  for  tenascin  and  tau 
expressed  in  the  same  cells 
(immature  neurons)  [56]. 

42.44 

Q13813 

Spectrin  alpha  chain,  brain  OS  =  Homo  sapiens  GN  =  SPTAN1  PE  =  1  SV  =  3  - 
[SPTA2_HUMAN] 

Tau  interacts  with  spectrin  [48]. 
Elevated  levels  in  CSF  of  AD 
[49]  and  TBI  [50].  Tau  and 
spectrin  are  subject  to  cleavage 
in  ischemia  [57]. 

40.35 

P23515 

Oligodendrocyte-myelin  glycoprotein  OS  =  Homo  sapiens  GN  =  OMG  PE  =  1  SV  = 

2  -  [OMGP_HUMAN] 

Levels  are  inversely  correlated 
in  taiep  oligodendrocytes  [58]; 
both  increased  in  CSF  of 
multiple  sclerosis  clinical 
subtypes  [59];  MOG-induced 
encephalomyelitis  is 
ameliorated  when  tau  is  present 
[60]. 

38.81 

P05388 

60  S  acidic  ribosomal  protein  PO  OS  =  Homo  sapiens  GN  =  RPLPO  PE  =  1  SV  =  1  - 
[RLAO_HUMAN] 

No 

37.93 

Q8NHW5 

60  S  acidic  ribosomal  protein  PO-like  OS  =  Homo  sapiens  GN  =  RPLP0P6  PE  =  5 

SV  =  1  -  [RLAOL_HUMAN] 

No 

37.93 

P01024 

Complement  C3  OS  =  Homo  sapiens  GN  =  C3  PE  =  1  SV  =  2  -  [C03_HUMAN] 

No 

34.67 

075363 

Breast  carcinoma-amplified  sequence  1  OS  =  Homo  sapiens  GN  =  BCAS1  PE  =  1 

S' V  =  2  -  [BCAS  1_HUMAN] 

No 

34.07 

Q13085 

Acetyl-CoA  carboxylase  1  OS  =  Homo  sapiens  GN  =  ACACA  PE  =  1  SV  =  2- 
[ACACA_HUMAN] 

No 

33.82 

P01834 

Ig  kappa  chain  C  region  OS  =  Homo  sapiens  GN  =  IGKC  PE  =  1  SV  =  1  - 
[IGKC_HUMAN] 

No 

32.32 
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Accession 

Description 

Previously  described  as  a  tau- 
associated  protein? 

Score 

P18583 

Protein  SON  OS  =  Homo  sapiens  GN  =  SON  PE  =  1  SV  =  4  -  [SON_HUMAN] 

No 

31.63 

Q9Y696 

Chloride  intracellular  channel  protein  4  OS  =  Homo  sapiens  GN  =  CLIC4  PE  =  1 

SV  =  4  -  [CLIC4_HUMAN] 

No 

31.05 

Q99683 

Mitogen-activated  protein  kinase  kinase  kinase  5  OS  =  Homo  sapiens  GN  = 

MAP3K5  PE  =  1  SV  =  1  -  [M3 K5_HUM AN] 

MAPK  phosphorylates  tau  [61] 
at  several  sites  associated  with 
disease  [62-66]. 

30.63 

075445 

Usherin  OS  =  Homo  sapiens  GN  =  USH2A  PE  =  1  SV  =  3  -  [USH2A_HUMAN] 

No 

29.78 

Q6ZS92 

Putative  uncharacterized  protein  FLJ45721  OS  =  Homo  sapiens  PE  =  5  SV  =  2- 
[YD022_HUMAN] 

No 

29.45 

P02787 

Serotransferrin  OS  =  Homo  sapiens  GN  =  TF  PE  =  1  SV  =  3  -  [TRFE_HUMAN] 

No 

29.43 

Q9C0B2 

Uncharacterized  protein  KIAA1751  OS  =  Homo  sapiens  GN  =  KIAA1751  PE  =  2 

SV  =  2  -  [K175 1_HUMAN] 

No 

29.30 

Q16181 

Septin-7  OS  =  Homo  sapiens  GN  =  SEPT7  PE  =  1  SV  =  2  -  [SEPT7_HUMAN] 

No 

28.94 

Q8N3Z3 

GTP-binding  protein  8  OS  =  Homo  sapiens  GN  =  GTPBP8  PE  =  2  SV  =  1  - 
[GTPB  8JHUMAN] 

No 

28.86 

Q6P5Z2 

Serine/threonine-protein  kinase  N3  OS  =  Homo  sapiens  GN  =  PKN3  PE  =  1  SV  =  1 
-  [PKN 3_HUM AN] 

No 

28.65 

P37108 

Signal  recognition  particle  14  kDa  protein  OS  =  Homo  sapiens  GN  =  SRP14  PE  =  1 
SV  =  2  -  [SRP14_HUMAN] 

No 

28.30 

Q9NX45 

Spermatogenesis-  and  oogenesis-specific  basic  helix-loop-helix-containing  protein  2 
OS  =  Homo  sapiens  GN  =  SOHLH2  PE  =  2  SV  =  2  -  [SOLH2_HUMAN] 

No 

28.10 

P52746 

Zinc  finger  protein  142  OS  =  Homo  sapiens  GN  =  ZNF142  PE  =  1  SV  =  4  - 
[ZN 1 42_HUM  AN] 

No 

27.65 

P09238 

Stromely sin-2  OS  =  Homo  sapiens  GN  =  MMP10  PE  =  1  SV  =  1  - 
[MMP 1 0_HUM  AN] 

No 

26.30 

Q 14624 

Inter-alpha-trypsin  inhibitor  heavy  chain  H4  OS  =  Homo  sapiens  GN  =  ITIH4  PE  = 

1  SV  =  4  -  [ITIH4_HUMAN] 

No 

26.05 

P08195 

4F2  cell-surface  antigen  heavy  chain  OS  =  Homo  sapiens  GN  =  SLC3A2  PE  =  1  SV 
=  3  -  [4F2_HUMAN] 

No 

25.65 

Q9BXR6 

Complement  factor  H-related  protein  5  OS  =  Homo  sapiens  GN  =  CFHR5  PE  =  1 

SV  =  1  -  [FHR5_HUMAN] 

No 

25.64 

P48643 

T-complex  protein  1  subunit  epsilon  OS  =  Homo  sapiens  GN  =  CCT5  PE  =  1  SV  =  1 
-  [TCPE_HUMAN] 

No 

24.40 

043896 

Kinesin-like  protein  KIF1  C  OS  =  Homo  sapiens  GN  =  KIF1  C  PE  =  1  SV  =  3  - 
[KIF 1  C_HUM  AN] 

No 

24.16 

Q8WWZ7 

ATP-binding  cassette  sub-family  A  member  5  OS  =  Homo  sapiens  GN  =  ABCA5 

PE  =  2  SV  =  2  -  [ AB  C A5_HUM AN] 

No 

24.10 
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Table  2 

Tau-associated  ER  proteins  in  non-demented  brain  only 


Accession 

Description 

Previously  described  as 
a  tau-associated 
protein? 

Score 

Q04917 

14-3-3  protein  eta  OS  =  Homo  sapiens  GN  =  YWHAH  PE  =  1  SV  =  4  -  [1433F_HUMAN] 

Yes;  particularly  studied 
in  relation  with  zeta 
subunit  of  14-3-3  [67- 
69] 

130.11 

Q9Y2J2 

Band  4.1-like  protein  3  OS  =  Homo  sapiens  GN  =  EPB41L3  PE  =  1  SV  =  2  - 
[E41L3_HUMAN] 

No 

95.21 

P31944 

Caspase-14  OS  =  Homo  sapiens  GN  =  CASP14  PE  =  1  SV  =  2  -  [CASPE_HUMAN] 

No 

84.42 

Q5D862 

Filaggrin-2  OS  =  Homo  sapiens  GN  =  FLG2  PE  =  1  SV  =  1  -  [FILA2_HUMAN] 

No 

75.88 

P06702 

Protein  S100-A9  OS  =  Homo  sapiens  GN  =  S100A9  PE  =  1  SV  =  1  -  [S10A9_HUMAN] 

No 

75.56 

P05109 

Protein  S100-A8  OS  =  Homo  sapiens  GN  =  S100A8  PE  =  1  SV  =  1  -  [S10A8_HUMAN] 

No 

73.36 

P09543 

2/,3/-cyclic-nucleotide  S'-phosphodiesterase  OS  =  Homo  sapiens  GN  =  CNP  PE  =  1  SV  =  2 
-  [CN37_HUMAN] 

No 

61.21 

043426 

Synaptojanin-1  OS  =  Homo  sapiens  GN  =  SYNJ1  PE  =  1  SV  =  2  -  [SYNJ  1_HUMAN] 

No 

61.16 

P61421 

V-type  proton  ATPase  subunit  d  1  OS  =  Homo  sapiens  GN  =  ATP6V0D1  PE  =  1  SV  =  1  - 
[VAOD  1_HUMAN] 

No 

54.66 

P31947 

14-3-3  protein  sigma  OS  =  Homo  sapiens  GN  =  SFN  PE  =  1  SV  =  1  -  [1433S_HUMAN] 

Yes;  particularly  studied 
in  relation  with  zeta 
subunit  of  14-3-3  [67— 

69] 

41.58 

P02794 

Ferritin  heavy  chain  OS  =  Homo  sapiens  GN  =  FTH1  PE  =  1  SV  =  2  -  [FRIH_HUMAN] 

Yes.  [70] 

40.73 

Q8N8Y2 

V-type  proton  ATPase  subunit  d  2  OS  =  Homo  sapiens  GN  =  ATP6V0D2  PE  =  2  SV  =  1  - 
[VA0D2_HUMAN] 

No 

40.48 

P60201 

Myelin  proteolipid  protein  OS  =  Homo  sapiens  GN  =  PLP1  PE  =  1  SV  =  2- 
[MYPR_HUMAN] 

Levels  are  inversely 
correlated  in  taiep 
oligodendrocytes  [58] 

36.83 

043150 

Arf-GAP  with  SH3  domain,  ANK  repeat  and  PH  domain-containing  protein  2  OS  =  Homo 
sapiens  GN  =  ASAP2  PE  =  1  SV  =  3  -  [ASAP2_HUMAN] 

No 

36.65 

Q96A05 

V-type  proton  ATPase  subunit  E  2  OS  =  Homo  sapiens  GN  =  ATP6V 1E2  PE  =  1  SV  =  1  - 
[VATE2_HUMAN] 

No 

35.24 

094973 

AP-2  complex  subunit  alpha-2  OS  =  Homo  sapiens  GN  =  AP2A2  PE  =  1  SV  =  2  - 
[AP2A2_HUMAN] 

Tau  associates  with 
MARK  via  AP-2  [71] 

35.06 

Q9NZT1 

Calmodulin-like  protein  5  OS  =  Homo  sapiens  GN  =  CALML5  PE  =  1  SV  =  2- 
[CALL5_HUMAN] 

No 

32.84 

P17600 

Synapsin-1  OS  =  Homo  sapiens  GN  =  SYN1  PE  =  1  SV  =  3  -  [S YN  1_HUMAN] 

No 

32.11 

Q12888 

Tumor  suppressor  p53-binding  protein  1  OS  =  Homo  sapiens  GN  =  TP53BP1  PE  =  1  SV  = 

2  -  [TP53B_HUMAN] 

No 

30.20 

Q6ZP68 

Putative  uncharacterized  protein  C13orf35  OS  =  Homo  sapiens  GN  =  C13orf35  PE  =  2  SV 
=  1  -  [CM03 5_HUM AN] 

No 

30.01 

P20930 

Filaggrin  OS  =  Homo  sapiens  GN  =  FLG  PE  =  1  SV  =  3  -  [FILA_HUMAN] 

No 

29.89 

014594 

Neurocan  core  protein  OS  =  Homo  sapiens  GN  =  NCAN  PE  =  2  SV  =  3  - 
[NC  AN_HUM  AN] 

No 

29.82 

Q6PJG9 

Leucine-rich  repeat  and  fibronectin  type-III  domain-containing  protein  4  OS  =  Homo 
sapiens  GN  =  LRFN4  PE  =  1  SV  =  1  -  [LRFN4_HUMAN] 

No 

28.84 

P36957 

Dihydrolipoyllysine-residue  succinyltransferase  component  of  2-oxoglutarate 
dehydrogenase  complex,  mitochondrial  OS  =  Homo  sapiens  GN  =  DLST  PE  =  1  SV  =  3  - 
[0D02_HUMAN] 

No 

28.56 

P10915 

Hyaluronan  and  proteoglycan  link  protein  1  OS  =  Homo  sapiens  GN  =  HAPLN 1  PE  =  2  S V 
=  2  -  [HPLN  1_HUMAN] 

No 

28.49 
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Accession 

Description 

Previously  described  as 
a  tau-associated 
protein? 

Score 

Q92598 

Heat  shock  protein  105  kDa  OS  =  Homo  sapiens  GN  =  HSPH1  PE  =  1  SV  =  1  - 
[HS  105_HUMAN] 

No 

28.36 

Q16658 

Fascin  OS  =  Homo  sapiens  GN  =  FSCN1  PE  =  1  SV  =  3  -  [FSCN  1_HUMAN] 

No 

28.28 

P51674 

Neuronal  membrane  glycoprotein  M6-a  OS  =  Homo  sapiens  GN  =  GPM6A  PE  =  1  SV  =  2 
-  [GPM6A_HUMAN] 

No 

27.75 

Q9HCE3 

Zinc  finger  protein  532  OS  =  Homo  sapiens  GN  =  ZNF532  PE  =  1  SV  —  2- 
[ZN 5 3 2_HUM  AN] 

No 

27.03 

P55774 

C-C  motif  chemokine  18  OS  =  Homo  sapiens  GN  =  CCL18  PE  =  1  SV  =  1  - 
[CCL 1 8_HUM  AN] 

No 

26.36 

Q15334 

Lethal(2)  giant  larvae  protein  homolog  1  OS  =  Homo  sapiens  GN  =  LLGL1  PE  =  1  SV  =  3 
-  [L2GL1_HUMAN] 

No 

25.52 

Q96BH1 

E3  ubiquitin-protein  ligase  RNF25  OS  =  Homo  sapiens  GN  =  RNF25  PE  =  1  SV  =  1  - 
[RNF25_HUMAN] 

No 

25.18 

Q9Y2K2 

IK3  OS  =  Homo  sapiens  GN  =  SIK3  PE  =  1  SV  =  3  -  [SIK3_HUMAN] 

No 

23.83 

Q6SJ93 

Protein  FAM11  IB  OS  =  Homo  sapiens  GN  =  FAM1 1  IB  PE  =  2  SV  =  1  - 
[FI  1 1B_HUMAN] 

No 

23.50 

043264 

Centromere/kinetochore  protein  zwlO  homolog  OS  =  Homo  sapiens  GN  =  ZW10  PE  =  1 

SV  =  3  -  [ZWHLHUMAN] 

No 

23.43 

Q9H254 

Spectrin  beta  chain,  brain  3  OS  =  Homo  sapiens  GN  =  SPTBN4  PE  =  1  SV  =  2- 
[SPTN4_HUMAN] 

No 

21.74 

Q6N021 

Probable  methylcytosine  dioxygenase  TET2  OS  =  Homo  sapiens  GN  =  TET2  PE  =  1  SV  = 

3  -  [TET2_HUMAN] 

No 

20.86 

Q9NU22 

Midasin  OS  =  Homo  sapiens  GN  =  MDN1  PE  =  1  SV  =  2  -  [MDN  1_HUMAN] 

No 

26.11 
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Table  3 

Tau-associated  ER  proteins  common  in  AD  and  control  brains 


Accession 

Description 

Previously 
described  as  a  tau- 
associated  protein? 

Score 

P10636 

Microtubule-associated  protein  tau  OS  =  Homo  sapiens  GN  =  MAPT  PE  =  1  SV  =  4  - 
[TAU_HUMAN] 

Yes 

721.33 

P02751 

Fibronectin  OS  =  Homo  sapiens  GN  =  FN1  PE  =  1  SV  =  4  -  [FIN C_HUM AN] 

Fibronectin  and  tau 
inclusions  are 
present  in  Zucker 
diabetic  fatty  rat 
brain  [72] 

180.85 

P68104 

Elongation  factor  1 -alpha  1  OS  =  Homo  sapiens  GN  =  EEF1A1  PE  =  1  SV  =  1  - 
[EF 1 A 1  _HUM  AN] 

No 

149.33 

Q5VTE0 

Putative  elongation  factor  1 -alpha-like  3  OS  =  Homo  sapiens  GN  =  EEF1AL3  PE  =  5  SV  =  1  - 
[EF 1  A3_HUM  AN] 

No 

149.33 

Q05639 

Elongation  factor  1 -alpha  2  OS  =  Homo  sapiens  GN  =  EEF1A2  PE  =  1  SV  =  1  - 
[EF  1  A2_HUM  AN] 

No 

123.84 

P00450 

Ceruloplasmin  OS  =  Homo  sapiens  GN  =  CP  PE  =  1  SV  =  1  -  [CERU_HUMAN] 

No 

108.22 

Q9UK22 

F-box  only  protein  2  OS  =  Homo  sapiens  GN  =  FBX02  PE  =  1  SV  =  2  -  [FBX2_HUMAN] 

No 

51.26 

P00738 

Haptoglobin  OS  =  Homo  sapiens  GN  =  HP  PE  =  1  SV  =  1  -  [HPT_HUMAN] 

No 

47.95 

P20742 

Pregnancy  zone  protein  OS  =  Homo  sapiens  GN  =  PZP  PE  =  1  SV  =  4  -  [PZP_HUMAN] 

No 

41.12 

P01023 

Alpha-2-macroglobulin  OS  =  Homo  sapiens  GN  =  A2M  PE  =  1  SV  =  3  -  [A2MG_HUMAN] 

No 

41.12 

Q92985 

Interferon  regulatory  factor  7  OS  =  Homo  sapiens  GN  =  IRF7  PE  =  1  SV  =  2- 
[IRF7_HUMAN] 

No 

33.87 

P31946 

14-3-3  protein  beta/alpha  OS  =  Homo  sapiens  GN  =  YWHAB  PE  =  1  SV  =  3  - 
[143 3 B_HUM  AN] 

No 

32.98 

P46779 

60  S  ribosomal  protein  L28  OS  =  Homo  sapiens  GN  =  RPL28  PE  =  1  SV  =  3  - 
[RL28_HUMAN] 

No 

27.67 

P02649 

Apolipoprotein  E  OS  =  Homo  sapiens  GN  =  APOE  PE  =  1  SV  =  1  -  [APOE_HUMAN] 

Yes  [47] 

24.52 

Q6ZQQ6 

WD  repeat-containing  protein  87  OS  =  Homo  sapiens  GN  =  WDR87  PE  =  2  SV  =  3  - 
[WDR87_HUMAN] 

No 

24.26 
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Brief  Communications 

Pathological  Tau  Promotes  Neuronal  Damage  by  Impairing 
Ribosomal  Function  and  Decreasing  Protein  Synthesis 


Shelby  Meier,1  Michelle  Bell,1  Danielle  N.  Lyons,1  Jennifer  Rodriguez- Rivera,1  Alexandria  Ingram,1  Sarah  N.  Fontaine,1 
Elizabeth  Mechas,1  Jing  Chen,2  ©Benjamin  Wolozin,3  Harry  LeVine  III,12  Haining  Zhu,2  and  ©Jose  F.  Abisambra14 

Zanders  Brown  Center  on  Aging,  departments  of  Molecular  and  Cellular  Biochemistry,  and  Pharmacology,  Boston  University  School  of  Medicine, 
Boston,  Massachusetts  02118,  and  department  of  Physiology,  College  of  Medicine,  University  of  Kentucky,  Lexington,  Kentucky  40536-0230 


One  of  the  most  common  symptoms  of  Alzheimer’s  disease  (AD)  and  related  tauopathies  is  memory  loss.  The  exact  mechanisms  leading 
to  memory  loss  in  tauopathies  are  not  yet  known;  however,  decreased  translation  due  to  ribosomal  dysfunction  has  been  implicated  as  a 
part  of  this  process.  Here  we  use  a  proteomics  approach  that  incorporates  subcellular  fractionation  and  coimmunoprecipitation  of  tau 
from  human  AD  and  non-demented  control  brains  to  identify  novel  interactions  between  tau  and  the  endoplasmic  reticulum  (ER).  We 
show  that  ribosomes  associate  more  closely  with  tau  in  AD  than  with  tau  in  control  brains,  and  that  this  abnormal  association  leads  to  a 
decrease  in  RNA  translation.  The  aberrant  tau-ribosome  association  also  impaired  synthesis  of  the  synaptic  protein  PSD-95,  suggesting 
that  this  phenomenon  contributes  to  synaptic  dysfunction.  These  findings  provide  novel  information  about  tau-protein  interactions  in 
human  brains,  and  they  describe,  for  the  first  time,  a  dysfunctional  consequence  of  tau-ribosome  associations  that  directly  alters  protein 
synthesis. 

Key  words:  Alzheimer;  ribosome;  RNA;  tau;  tauopathies;  translation 


Significance  Statement 

Despite  the  identification  of  abnormal  tau-ribosomal  interactions  in  tauopathies  >25  years  ago,  the  consequences  of  this  asso¬ 
ciation  remained  elusive  until  now.  Here,  we  show  that  pathological  tau  associates  closely  with  ribosomes  in  AD  brains,  and  that 
this  interaction  impairs  protein  synthesis.  The  overall  result  is  a  stark  reduction  of  nascent  proteins,  including  those  that  partic¬ 
ipate  in  synaptic  plasticity,  which  is  crucial  for  learning  and  memory.  These  data  mechanistically  link  a  common  pathologic  sign, 
such  as  the  appearance  of  pathological  tau  inside  brain  cells,  with  cognitive  impairments  evident  in  virtually  all  tauopathies. 

V _ _ _ J 


Introduction 

Aberrant  accumulation  of  tau  is  associated  with  the  etiology  of 
>18  known  neurodegenerative  diseases  collectively  termed 
tauopathies.  Alzheimer’s  disease  (AD),  the  most  common 
tauopathy,  affects  >36  million  people  world-wide  (Alzhei- 
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tauopathic  patients  is  progressive  memory  loss.  There  is  no 
cure  for  tauopathies,  and  current  therapeutics  stave  off  symp¬ 
toms  only  temporarily.  This  is  partly  due  to  limited  under¬ 
standing  of  the  molecular  mechanisms  linking  tau  and  disease 
onset. 
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Figure  1 .  Tau  associates  with  ER  proteins  differentially  in  AD  versus  control  brains.  A,  Venn  diagram  showing  the  number  of  tau-associated  ER  proteins  unique  to  AD  brains  (blue),  unique  to 
control  brains  (yellow),  and  common  to  both  (green).  A  major  group  of  proteins  that  was  identified  corresponded  to  RNA-binding  proteins.  B,  Pie  chart  showing  relative  abundance  of  tau-associated, 
RNA-binding  proteins  identified  in  human  AD  and  control  brains  by  LC-MS/MS.  C,  List  of  proteins  identified  in  B. 


the  pathogenesis  of  multiple  neurodegenerative  disorders,  in¬ 
cluding  tauopathies  (Vanderweyde  et  ah,  2012;  Abisambra  et 
al.,  2013b;  Ash  et  ah,  2014).  Pronounced  ribosomal  deficien¬ 
cies  appear  in  regions  where  tau  pathology  is  evident  (Ding  et 
al.,  2005),  yet  the  link  between  tau  and  ribosomal  function  has 
not  been  established. 

Protein  synthesis  drives  memory  formation  (Duvarci  et  al., 
2008).  The  fact  that  progressive  memory  loss  is  common  to  vir¬ 
tually  all  tauopathies  suggests  that  ribosomal  dysfunction  could 
be  an  underlying  mechanism  leading  to  clinical  symptoms.  In¬ 
deed,  tau  binds  to  ribosomes  in  the  brain,  and  this  interaction  is 
enhanced  in  tauopathic  brains  (Papasozomenos  and  Binder, 
1987;  Piao  etal.,2002). 

Here  we  show  that  ribosomes  associate  with  pathologic  and 
nonpathological  tau.  Consequently,  ribosomal  function  becomes 
impaired  and  global  protein  synthesis  is  reduced  including  the 
synaptic  protein  PSD-95.  These  data  suggest  that  tau-mediated 
ribosomal  dysfunction  is  a  common  pathogenic  process  that  af¬ 
fects  synapses  leading  to  cognitive  impairment. 


Materials  and  Methods 

Human  brain  samples.  Human  samples  were  obtained  from  the  Univer¬ 
sity  of  Kentucky  (UK)  Alzheimer’s  Disease  Center.  Sample  collection  and 
experimental  procedures  involving  human  tissue  were  in  compliance 
with  the  UK  Institutional  Review  board.  Samples  from  Brodmann  areas 
21/22  were  used.  AD  tissues  were  scored  as  Braak  V  (female,  93-year- 
old),  VI  (male,  88-year-old),  and  VI  (female,  80-year-old);  samples  from 
non-demented  controls  were  Braak  I  (male,  79-year-old),  II  (female, 
94-year-old),  and  II  (female,  88-year-old).  The  average  postmortem  in¬ 
terval  was  3  h. 

Microsomes,  coimmunoprecipitation,  and  liquid- chromatography  tan¬ 
dem  mass  spectrometry.  Microsomes  were  isolated  as  previously  described 
(Lopez  et  al.,  2007)  and  modified  for  the  brain  (Abisambra  et  al.,  2010). 
Coimmunoprecipitation  (co-IP)  was  performed  as  previously  described 
(Jinwal  et  al.,  2012)  using  anti-Tau46  (Cell  Signaling  Technology)  and 
anti-actin  (Sigma- Aldrich).  Protein  complexes  were  identified  using 
liquid- chromatography  tandem  mass  spectrometry  (LC-MS/MS)  and 
UNIPROT  as  previously  described  (Meier  et  al.,  2015). 

In  vitro  translation  assay.  1-Step  IVT  Kit  (Thermo)  was  used  with 
minor  modifications:  a  black  bottom  96-well  plate  was  loaded  with  in 
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Figure  2.  Pathological  tau  associates  closely  with  ribosomes  in  AD  brains.  Representative  immunoblots  showing  total  tau  (4)  and 
PHF1  -positive  smear  [B)  enriched  in  AD  brain  ribosomal  fraction.  PO  and  L28  (ribosomal  proteins)  and  Hsp70  (cytosolic)  confirm  subcellular 
fractionation.  C-E,  Representative  IF  of  AD  brains  showing  overlap  of  oligomeric  tau  and  rpS6  in  human  AD  brain.  Co-IF  labeling  of  tau 
oligomers  with  T22  (red;  0,  rpS6  (green;  D),  and  neurons  (Neurotrace;  blue).  E,  Merged  inset  image  shows  red  and  green  overlap  (arrow¬ 
heads).  F-H ,  Representative  images  of  AD  brains  in  which  primary  antibody  incubation  was  omitted. 


vitro  translation  (IVT)-kit  components  and  10  ng  of  recombinant  pro¬ 
teins.  GFP  (ex-482  nm/em-512  nm)  was  measured  every  15  min  in  a 
BioTek  Synergy  HT  at  30°C  for  6  h.  Each  sample  was  run  in  triplicate  and 
analyzed  using  GraphPad  Prism  (Student’s  t test). 

Cell  culture,  primary  neurons,  and  immunoblotting.  Cell  mainte¬ 
nance,  harvesting,  and  tau  expression  were  performed  as  previously 
described  (Abisambra  et  ah,  2012,  2013b).  P0-P1  primary  neurons 
were  obtained  as  previously  described  (Abisambra  et  al.,  2013a).  Sam¬ 
ples  were  processed  for  immunoblotting  as  described  earlier  using 
BCA  (Pierce)  to  estimate  protein  concentration,  tris-glycine  gels  (In- 
vitrogen),  and  PVDF  membranes  (Jones  et  al.,  2011).  Primary  anti¬ 
bodies:  anti-tau  h-150  (1:1000;  Santa  Cruz  Biotechnology),  actin  (1: 
1000,  Sigma- Aldrich),  RPL28  and  RPP0  (1:1000,  GeneTex),  PHF1 
(1:500),  Hsp70  (1:1000,  ENZO),  PSD-95  (1:1000,  Cell  Signaling 
Technology),  and  puromycin  (1:1000,  EMD  Millipore).  Bands  were 
detected  using  (Pierce  ECL).  Image  analysis  was  performed  using 
ImageJ.  Bands  of  the  protein  of  interest  were  normalized  to  a  loading 
control.  Statistical  analysis  was  performed  using  Student’s  t  test  in 
GraphPad  Prism. 

Surface  sensing  of  translation.  Surface  sensing  of  translation  (SUnSET) 
was  performed  as  previously  described  (Schmidt  et  al.,  2009)  with  minor 
modifications:  cells  were  incubated  with  10  /xg/ml  of  puromycin  in  cell 
culture  media  for  1  h  before  harvest.  Proteins  were  analyzed  using  im¬ 
munoblots. 

Immunofluorescence.  Immunofluorescence  (IF)  was  performed  as  pre¬ 
viously  described  (Abisambra  et  al.,  2013b).  Primary  antibodies:  T22 
(1:100)  and  RPS6  (1:250;  Santa  Cruz  Biotechnology).  Tissues  were  also 
stained  with  Sudan  black  and  Neurotrace  (1:200).  Slides  with  AD  and 
control  sections  were  stained  omitting  primary  antibodies  to  establish 
nonspecific  background  signal. 


Microscopy.  A  Nikon  Eclipse  Ti  laser¬ 
scanning  confocal  microscope  was  used  to  cap¬ 
ture  images.  Fields  analyzed  using  40  X  and 
100  X  objectives  included  areas  of  tau  staining 
with  morphologic  distribution  in  agreement 
with  Neurotrace  labeling.  All  acquisition  in¬ 
tensities,  field  sizes,  and  settings  were  kept  con¬ 
sistent  across  all  images.  Images  were  prepared 
using  the  NIS  Elements  4.20  (Nikon)  and  Pho¬ 
toshop  Cs6  (Adobe)  software  and  were  based 
upon  cells  that  most  closely  represented  the 
group. 

Quantitative  real-time  PCR.  Total  RNA  was 
extracted  from  rTg45 10  tau  transgenic  and  litter- 
mate  control  primary  neuronal  cultures  using 
EZNA  total  RNA  Kit  II  according  to  manufacture 
instructions  (Omega  Bio-tek,  catalog  #R6934- 
01).  RNA  was  quantified  using  a  BioTek  spectro¬ 
photometer  and  cDNA  was  produced  using 
Superscript  IV  (Invitrogen).  Quantitative  real¬ 
time  PCR  was  performed  using  TaqMan  Gene 
Expression  probes  for  PSD-95  and  GAPDH  us¬ 
ing  a  ViiA  7  Real  Time  PCR  System  (Applied  Bio¬ 
systems).  PSD-95  expression  was  evaluated  by 
normalizing  to  GAPDH  as  an  internal  control. 
The  real-time  values  for  each  sample  were  aver¬ 
age  and  evaluated  using  the  comparative  CT 
method. 

Results 

We  recently  determined  ER-bound  pro¬ 
teins  associate  with  tau  (Abisambra  et  al., 
2013b;  Meier  et  al.,  2015).  To  identify  tau- 
associated  ER  proteins  in  AD,  micro- 
somes  were  isolated  from  non-demented 
control  and  AD  brain  tissues.  Full-length 
tau  (or  actin  as  control)  was  co-IP  from 
microsomes,  and  tau-associated  peptides 
were  identified  using  LC-MS/MS.  Of  the 
216  identified  proteins,  68.5%  were  unique  in  AD,  22.2%  were 
unique  in  control,  and  9.3%  were  common  between  both  groups 
(Fig.  1A).  Proteins  were  grouped  into  functional  categories  based 
on  UNIPROT.  A  striking  difference  was  that  tau  associated  with 
more  RNA-binding  proteins  in  AD  than  in  control  (Fig.  1 B,  C). 

To  further  characterize  the  tau-ribosome  association,  we  com¬ 
pared  tau  levels  in  AD  and  control  subcellular  fractions  (Fig.  2A). 
Although  tau  levels  were  similar  between  the  fractions  lacking  ribo¬ 
somes,  tau  was  significantly  increased  in  the  AD  ribosomal  fraction 
(Fig.  2A).  We  also  detected  a  PF4F1 -positive  smear  in  the  AD  ribo¬ 
somes  (Fig.  2 B).  PHF1  recognizes  pS396/S404,  which  is  associated 
with  late  stage  tangles  in  AD  (Greenberg  et  al.,  1992). 

Recent  studies  show  that  oligomeric  tau  is  highly  toxic 
(Fasagna- Reeves  et  al.,  2011),  and  it  exhibits  a  prion-like  behav¬ 
ior  by  propagating  and  seeding  (Guo  and  Fee,  2011).  We  specu¬ 
lated  that  if  aberrant  tau-ribosome  complexes  were  pathogenic, 
then  tau  oligomers  would  associate  with  ribosomes.  To  test  this, 
we  co-IF  labeled  tau  oligomers  and  a  ribosomal  protein,  rpS6,  in 
AD  and  control  brain  sections  (Fig.  2 C-H).  Confocal  imaging 
revealed  that  tau  oligomers  and  rpS6  signals  overlapped  (Fig. 
2 C-E),  suggesting  that  oligomeric  tau  associates  closely  with  ri¬ 
bosomes  in  AD. 

The  consequences  of  the  tau-ribosome  association  are  un¬ 
known.  We  hypothesized  that  the  aberrant  interaction  between 
pathological  tau  species  and  ribosomes  impairs  translation.  To 
test  this,  we  measured  the  impact  of  tau  on  ribosomal  function  in 


1004  •  J.  Neurosci.,  January  20,2016  •  36(3):1001-1007 


Meier  et  al.  •  Pathological  Tau  Impairs  Ribosomal  Function 


A  +  -  BSA 


-  +  Tau  Oligomers 


B  +  -  BSA 

-  +  Denatured  a-Syn 


0  2  4  6 


c  Tau 

Exp  (h)  24  48  72 

Puro 

% 

lit- 

phfi  .  Ea  m 

Total  Tau  fcm  ^  ^ 
Actin  •  — 


Time  (h) 

Tau  ON  24  96  96  96 
Exp  (h)  OFF  0  0  24  96 


Actin 


E 


Time  (h) 

WT  Tau  AK280 


Tau 

exp  (H):  24  50  100  24  50  100 


Tau  M«  — k — 


F 


G 


H  I 


WT  P301LAK280  8  1501  - IS. 


Figure  3.  Pathological  tau  species  decrease  translation.  A,  IVT  graph  showing  32%  reduction  of  translational  output  (after  6  h)  in  wells  with  tau  oligomers  compared  with  BSA  control.  B, 
Oligomeric  u-synudein  and  insulin  did  not  affect  translation.  Immunoblots  confirm  the  presence  of  oligomers  in  the  translation  assay;  u-synudein  samples  were  denatured  to  yield  monomers 
because  high  molecular  weight  oligomeric  conformers  are  not  detectable  with  anti-u-synudein  antibodies.  C,  Total  and  PHFI  tau  are  inversely  proportional  to  the  rate  of  protein  synthesis.  iHEK-Tau 
cells  were  stimulated  with  tetracydineto  express  taufor4d.  Nascent  proteins  were  tagged  with  puromycin.0,  Cessation  oftau  expression  rescues  protein  synthesis.  Tau  expression  was  induced  with 
tetracycline  for  24  or  96  h  (lanes  1  and  2).  At  96  h,  puromycin  levels  decreased,  whereas  PHFI  increased.  After  continuous  tau  expression  for  96  h  (lanes  3  and  4),  cells  were  washed  and  incubated 
with  media  lacking  tetracycline,  thereby  halting  tau  expression  for  24  or  96  h  (lanes  3  and  4,  respectively).  £,  Representative  immunoblots  showing  the  effect  of  wild-type  (WT)  and  AK280  tau  on 
protein  synthesis.  Changes  in  tau  levels  inversely  correlated  with  puromycin.  f,  Quantification  off  showing  no  significant  difference  in  levels  of  protein  synthesis  between  wild-type  and  AK280 
mutant  tau-expressing  cells.  G,  SUnSET  comparing  the  effect  of  P301 L,  AK280  tau,  and  WT  in  transiently  transfected  HEK293  cells.  //,  Quantification  of  ^showing  no  significant  difference  between 
translation  levels.  /,  Blot  showing  that  overall  translation  (Puro)  and  PSD-95  are  decreased  in  rTg4510  primary  neurons../,  Quantification  of/.  Puromycin  and  PSD-95  were  significantly  decreased  in 
rTg4510  neurons  by  43  and  92%,  respectively  [*p  <  0.05).  K,  Quantification  of  PSD-95  mRNA  expression  from  rTg4510  neurons  as  measured  by  RT-PCR  [**p  =  0.0013). 


three  model  systems.  First,  we  tested  the  effect  of  tau  oligomers 
on  translation  using  a  cell-free  assay.  We  added  recombinant  tau 
oligomers  or  bovine  serum  albumin  (BSA)  as  control  with  in  vitro 
translation  assay  components  and  a  GFP  plasmid  reporter.  The 
rate  of  translation,  measured  by  GFP,  was  significantly  decreased 
in  the  presence  of  tau  oligomers  (Fig.  3A).  To  determine  whether 
this  effect  was  specific  to  tau  oligomers,  we  tested  the  impact  of 
oligomeric  n-synuclein  and  insulin  on  translation  (Fig.  3 B).  We 
found  no  significant  change  in  GFP,  suggesting  that  this  effect  is 
specific  to  tau. 

We  next  measured  the  effect  of  pathological  tau  on  the  rate  of 
translation  in  eukaryotic  cells  using  SUnSET  (Schmidt  et  al., 
2009):  a  puromycin-based  pulse  assay.  Puromycin,  which  is  in¬ 
corporated  into  recently  translated  proteins,  was  added  to  me¬ 
dium  1  h  before  harvesting  cells.  Nascent  proteins,  which  appear 


as  a  smear,  can  then  be  quantified  via  immunoblots  with  anti- 
puromycin  antibodies. 

We  used  iHEK-Tau  cells,  an  inducible  HEK  line  that  overex¬ 
presses  wild-type  human  4R0N  tau  upon  addition  of  tetracycline 
(Abisambra  et  al.,  2013b).  Use  of  tetracycline  allowed  control  over 
the  start  and  overall  duration  of  tau  expression.  We  first  performed  a 
time  course  experiment  in  which  tetracycline  was  added  to  iHEK- 
Tau  cells  over  72  h.  We  found  that  increased  PHFI  and  total  tau 
levels  correlated  with  decreased  puromycin  signal  (Fig.  3C).  We  then 
performed  a  rescue  experiment  in  which  tau  was  expressed  for  96  h 
and  then  tau  expression  was  turned  off  for  24  or  96  h  (Fig.  3D).  We 
found  that  puromycin  levels  were  rescued  back  to  normal  control 
once  PHFI  levels  were  reduced. 

Because  mutations  on  tau  are  associated  with  risk  for  many 
tauopathies,  we  sought  to  determine  whether  mutant  tau  variants 
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Figure  4.  Schematic  representation  showing  the  consequences  of  pathological  tau  association  with  ribosomes.  Under  normal  conditions,  tau  promotes  tubulin  polymerization  and  stabilizes 
microtubules.  Denovo  protein  synthesis,  and  in  particular  nascent  neurotransmitter  production  is  necessary  for  normal  learning  and  memory.  Our  data  suggest  that  in  tauopathic  brains,  tau  adopts 
aberrant  conformations  that  associate  with  ribosomes.  This  interaction  reduces  nascent  protein  synthesis.  Abrogation  of  new  proteins  impairs  memory.  This  mechanism  links  the  most  common 
symptom  of  tauopathies. 


inhibited  protein  synthesis.  To  this  end,  we  performed  SUnSET  in 
iHEK  cells  that  overexpress  the  disease- associated  AK280  tau  (Rosso 
et  al.,  2003).  We  found  that  expression  of  WT  or  AK280  tau  de¬ 
creased  protein  synthesis  (Fig.  3 £),  and  that  this  reduction  was  not 
significantly  different  between  the  two  cell  lines  (Fig.  3F).  We  then 
compared  translation  levels  between  mutant  forms  of  tau  by  tran¬ 
siently  transfecting  HEK293  cells  with  WT,  AK280,  or  P301L  tau 
plasmids.  We  found  no  significant  difference  in  protein  synthesis 
levels  between  WT,  AK280,  or  P301L-expressing  cells  (Fig.  3 G,H). 
These  data  suggest  that  tau  expression  and  accumulation  of  hyper- 
phosphorylated  tau  impairs  protein  synthesis. 

To  determine  the  impact  of  pathological  tau  species  in  a  more 
neurologically  relevant  model,  we  measured  changes  in  the  rate 
of  translation  in  primary  neurons  derived  from  rTg4510  tau 
transgenic  and  control  mice  using  SUnSET.  The  rTg4510  model 
overexpresses  human  P301E  mutant  tau  (Santacruz  et  al.,  2005). 
At  14  DIV,  puromycin  was  added  to  the  medium  and  primary 
neurons  were  harvested.  Puromycin-tagged  proteins  were  de¬ 
creased  by  43%  in  rTg4510  neurons  (*p  =  0.011)  compared  with 
control  (Fig.  3/,/).  We  then  investigated  whether  a  more  direct 
correlate  of  synaptic  integrity  could  be  affected  by  pathological 
tau  in  this  model.  To  this  end,  we  measured  the  levels  of  the 
PSD-95  and  found  that  it  was  reduced  by  92%  in  rTg4510  neu¬ 
rons  (*p  =  0.049;  Fig.  3 IJ).  We  hypothesized  that  tau-mediated 
disruption  of  RNA  translation  would  result  in  increased  mRNA 
levels.  We  performed  RT-PCR  and  found  that  PSD-95  cDNA  was 
increased  by  twofold  in  rTg45 1 0  primary  neurons  compared  with 
controls  (Fig.  3 K).  These  data  suggest  that  P301F  tau  impairs 
RNA  translation,  and  that  this  pathological  mechanism  directly 
affects  translation  without  impairing  gene  expression. 

Discussion 

This  study  couples  cellular  and  biochemical  approaches  with 
proteomics  to  expand  the  understanding  of  the  ER- specific  tau 
interactome.  The  unbiased  proteomics  approach  (Fig.  1)  identi¬ 
fied  216  tau-associated  ER  proteins;  many  of  which  were  unre¬ 
ported.  The  largest  change  corresponded  to  an  increase  in  the 


association  of  ribosomal  proteins  with  tau  in  AD.  Using  three  in 
vitro  models,  we  show  that  protein  synthesis  was  significantly 
decreased  as  a  consequence  of  the  aberrant  tau-ribosome  associ¬ 
ation.  Although  it  has  been  previously  reported  that  tau  inter¬ 
acted  with  ribosomes  (Papasozomenos  and  Binder,  1987;  Nelson 
et  al.,  1993),  the  functional  consequences  of  this  interaction  was 
unknown  until  now.  We  have  identified  a  dysfunctional  conse¬ 
quence  of  tau-ribosome  association  that  impairs  protein 
synthesis,  providing  the  first  steps  to  understanding  the  mech¬ 
anism  delineating  cognitive  decline  symptoms  in  tauopathic 
patients  (Fig.  4). 

FC-MS/MS  results  suggest  that  many  other  ER  proteins  (216 
total)  associate  with  tau.  The  use  of  mass  spectrometry  for  iden¬ 
tification  of  protein-protein  interactions  is  limited  and  only 
provides  a  “first  pass”  suggestion.  For  example,  whether  these 
interactions  are  direct,  indirect,  or  false-positives  need  to  be  in¬ 
vestigated  further.  As  shown  in  Figure  2,  we  validated  the  inter¬ 
action  between  tau  and  ribosomes,  and  the  validation  of  other 
interactions  is  currently  underway.  When  comparing  the  RNA- 
binding  proteins  that  associate  with  tau,  we  did  not  find  elonga¬ 
tion  or  initiation  factors  associating  with  tau  in  AD  samples  (Fig. 
1C).  These  data  suggest  that  the  association  of  pathological  tau 
with  ribosomes  abrogates  the  recruitment  of  translation  factors 
to  the  tau-ribosome  complex,  and  this  could  lead  to  reduced 
translation. 

To  avoid  false-positive  results  from  the  FC-MS/MS,  we  imple¬ 
mented  rigorous  exclusion  criteria  (Meier  et  al.,  2015),  which 
omitted  well  known  tau-associated  proteins,  but  increased  con¬ 
fidence  in  these  interactions.  Our  co-IP  focused  on  identifying 
mature,  and  not  nascent,  tau.  We  used  a  tau  antibody  (Tau46) 
that  recognizes  the  carboxy- terminal  tau  sequence  (404-441).  As 
such  this  approach  obviates  caspase-cleaved  tau,  which  is  cleaved 
at  D421  and  is  implicated  in  the  formation  of  neurofibrillary 
tangles  in  AD  (Rissman  et  al.,  2004).  Future  efforts  to  identify 
cleaved  tau-associated  ER  proteins  might  determine  novel  patho¬ 
logic  mechanisms.  Nonetheless,  our  current  list  does  provide  fur- 
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ther  information  about  the  diverse  interactions  of  tau  and  other 
ER  proteins. 

Although  tau  mutations  are  not  typically  associated  with  risk 
for  AD,  there  are  48  tau  mutations  that  are  associated  with  onset 
of  other  tauopathies  (for  review,  see  Zhang  et  al.,  2015).  The 
defining  pathologic  hallmark  of  tangles  in  AD  is  hyperphospho- 
rylated  tau  (Grundke-Iqbal  et  al.,  1986).  Interestingly,  we  found 
that  protein  synthesis  was  impaired  equally  by  WT  and  two 
disease-associated  mutant  tau  variants:  P30 1 L  and  AK280.  P30 1 L 
tau  is  most  commonly  associated  with  frontotemporal  dementia 
and  Parkinsonism  linked  to  chromosome  17  (FTDP-17;  Clark  et 
al.,  1998).  Expression  of  this  form  of  tau  in  the  rTg4510  trans¬ 
genic  mice  leads  to  earlier  onset  and  robust  neurofibrillary  tangle 
formation  (Santacruz  et  al.,  2005).  The  AK280  tau  mutant  is  also 
associated  with  FTDP-17  (Rosso  et  al.,  2003),  as  well  as  AD  (Mo- 
meni  et  al.,  2009).  The  presence  of  this  mutation  decreases  tail’s 
ability  to  bind  to  microtubules  (Rizzu  et  al.,  1999),  and  leads  to 
increased  levels  of  tau  aggregation  (Barghorn  et  al.,  2000).  Our 
findings  indicate  that  tau-mediated  impairment  of  protein  syn¬ 
thesis  could  be  a  common  mechanism  of  neuronal  dysfunction 
between  tauopathies  (Fig.  4). 

Our  data  support  the  hypothesis  that  pathological  tau  specif¬ 
ically  reduces  ribosomal  function,  which  could  lead  to  memory 
alterations  in  tauopathies.  We  also  found  that  PSD-95,  a  synaptic 
protein  that  participates  in  learning  and  memory  (Migaud  et  al., 
1998),  was  decreased  in  rTg4510  neurons  (Fig.  31,/).  Cognitive 
impairment  seen  tauopathy  models  could  be  attributed  not  only 
to  reduced  protein  synthesis,  but  also  to  targeted  decrease  of 
synaptic  proteins. 

Interestingly,  oligomers  of  other  proteins  (n-synuclein  and 
insulin)  did  not  alter  ribosomal  function  (Fig.  3 B).  This  finding 
suggests  that  there  is  a  mechanism  of  ribosomal  downregulation 
that  specifically  implicates  tau,  but  not  all  other  oligomeric  and 
pathologically  altered  proteins.  However,  it  is  possible  that  pro¬ 
teins  involved  in  the  pathogenic  mechanisms  of  other  neurode- 
generative  disorders  such  as  A/3,  poly- glutamines,  and  TDP-43 
could  also  inhibit  de  novo  protein  synthesis.  Experiments  to  test 
the  effects  of  these  oligomers  are  currently  underway. 

Characterization  of  this  ribosome-directed  molecular  mech¬ 
anism  of  tauopathies  could  provide  novel  therapeutic  opportu¬ 
nities.  For  instance,  therapeutic  strategies  aiming  to  uncouple 
pathological  tau  from  the  ribosome  might  restore  RNA  transla¬ 
tion  and  prove  effective  to  treat  AD  and  other  tauopathies.  To  do 
this,  specific  ribosomal  proteins  that  associate  with  tau  need  to  be 
identified  as  well  as  the  discreet  regions  where  tau  binds  to  these 
proteins.  This  would  guide  the  proof-of-concept  use  of  peptides 
resembling  these  amino  acid  stretches  to  outcompete  tau  from 
associating  with  the  ribosome  and  thereby  restore  protein 
synthesis. 

This  work  suggests  a  direct  effect  of  tau  on  translation  by  its 
association  with  ribosomes;  however,  there  is  also  an  indirect 
relationship  between  tau  and  translation.  One  of  these  is  the 
chronic  activation  of  the  protein  kinase  RNA-like  endoplasmic 
reticulum  kinase  (PERK).  Accumulation  of  tau  impairs  ER- 
associated  degradation,  which  then  activates  the  unfolded  pro¬ 
tein  response  and  subsequently  the  PERK  pathway  ( Abisambra  et 
al.,  2013b).  The  prolonged  activation  of  the  PERK  pathway  leads 
to  a  reduction  in  RNA  translation  through  phosphorylation 
of  the  initiation  factor  eIF2a  (Marciniak  et  al.,  2006).  This  alter¬ 
ation  could  be  a  cumulative  result  of  tail’s  direct  and  indirect 
effects  on  translation.  Our  study  provides  further  evidence  that 
tau’s  involvement  in  disease  is  multi-faceted,  that  pathological 
tau  heavily  affects  translation  of  vital  proteins,  and  that  the  tau- 


ribosome  complex  could  serve  as  a  key  therapeutic  target  for 
tauopathies. 
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PERK-Op athies:  An  Endoplasmic  Reticulum  Stress  Mechanism  Underly¬ 
ing  Neurodegeneration 
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Abstract:  The  unfolded  protein  response  (UPR)  plays  a  vital  role  in  maintaining  cell  homeostasis  as  a 
consequence  of  endoplasmic  reticulum  (ER)  stress.  However,  prolonged  UPR  activity  leads  to  cell 
death.  This  time-dependent  dual  functionality  of  the  UPR  represents  the  adaptive  and  cytotoxic  path¬ 
ways  that  result  from  ER  stress.  Chronic  UPR  activation  in  systemic  and  neurodegenerative  diseases 
has  been  identified  as  an  early  sign  of  cellular  dyshomeostasis. 

The  Protein  Kinase  R-like  ER  Kinase  (PERK)  pathway  is  one  of  three  major  branches  in  the  UPR,  and 
it  is  the  only  one  to  modulate  protein  synthesis  as  an  adaptive  response.  The  specific  identification  of  prolonged  PERK  ac¬ 
tivity  has  been  correlated  with  the  progression  of  disorders  such  as  diabetes,  Alzheimer’s  disease,  and  cancer,  suggesting 
that  PERK  plays  a  role  in  the  pathology  of  these  disorders.  For  the  first  time,  the  term  “PERK-op athies”  is  used  to  group 
these  diseases  in  which  PERK  mediates  detriment  to  the  cell  culminating  in  chronic  disorders.  This  article  reviews  the  lit¬ 
erature  documenting  links  between  systemic  disorders  with  the  UPR,  but  with  a  specific  emphasis  on  the  PERK  pathway. 
Then,  articles  reporting  links  between  the  UPR,  and  more  specifically  PERK,  and  neurodegenerative  disorders  are  pre¬ 
sented.  Finally,  a  therapeutic  perspective  is  discussed,  where  PERK  interventions  could  be  potential  remedies  for  cellular 
dysfunction  in  chronic  neurodegenerative  disorders. 

Keywords:  eIF2a,  EIF2AK3,  endoplasmic  reticulum,  neurodegeneration,  PERK,  tau,  unfolded  protein  response. 


INTRODUCTION 

The  endoplasmic  reticulum  (ER)  provides  an  optimal  en¬ 
vironment  to  host  fundamental  biological  processes  such  as 
protein  folding,  calcium  storage,  and  lipid  metabolism,  mak¬ 
ing  it  an  indispensable  organelle  for  cell  survival  [1-3].  As 
such,  evolutionarily  conserved  mechanisms  regulate  ER  dy¬ 
namics  to  ensure  maintenance  of  these  functions.  Over  a 
third  of  nascent  proteins  are  folded  in  the  ER  lumen,  where 
molecular  chaperones  triage  misfolded  proteins  for  refolding 
or  degradation  [4].  If  they  cannot  be  refolded,  chaperone 
substrates  (or  clients)  are  targeted  for  degradation  either  by  a 
proteasome-dependent  pathway  called  ER-associated  degra¬ 
dation  (ERAD)  or  autophagy  [5].  Effective  chaperone  func¬ 
tion  and  clearance  of  clients  out  of  the  ER  prevents  secretion 
of  unfolded  or  misfolded  proteins.  Unfolded  and  misfolded 
proteins  have  exposed  hydrophobic  signatures,  and  if  they 
are  released  into  the  cytoplasm,  the  exposed  unfolded  se¬ 
quence  would  trigger  a  heat  shock  protein  response  [5]. 

In  neurological  tissues,  the  aggregation  of  unfolded  or 
misfolded  proteins  appears  as  the  hallmark  of  several  protei- 
nopathies  such  as  tauopathies  ( e.g.  Alzheimer’s  disease, 
fronto-temporal  dementia,  and  progressive  supranuclear 
palsy),  synucleinopathies  {e.g.  Lewy  body  disease  and  Park- 
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inson’s  disease),  aggregation  of  TDP-43  (amyotrophic  lateral 
sclerosis,  frontotemporal  dementia,  and  hippocampal  sclero¬ 
sis),  and  diseases  of  poly-glutamine  aggregation  (e.g. 
Huntington’s  disease  and  ataxias),  among  many  others. 

Increasing  evidence  suggests  that  several  neurodegenera¬ 
tive  disorders  are  rooted  in  aberrant  ER  function.  For  in¬ 
stance,  amyloid  precursor  protein  (APP)  is  processed  by  se- 
cretases  on  the  ER  membrane.  Under  pathogenic  conditions, 
APP  processing  yields  the  amyloid  beta  (A|3)  peptide  that  is 
responsible  for  neurotoxicity  and  amyloid  plaque  formation 

[5] .  In  AD,  cleavage  of  APP  favors  production  of  A(3,  which 
is  released  from  the  ER  membrane  and  initiates  neurotoxic 
cascades.  On  the  other  hand,  soluble  and  pathogenic  tau,  the 
aggregation  of  which  leads  to  formation  of  tangles  in  AD 
and  nineteen  other  tauopathies,  impairs  ER-associated  deg¬ 
radation  (ERAD)  leading  to  chronic  activation  of  the  UPR 

[6] .  In  Parkinson’s  and  Lewy  Body  Disease,  a-synuclein  is 
internalized  in  the  ER,  where  it  impairs  protein  transport 
between  the  ER  and  the  Golgi  network  [7].  The  mechanisms 
with  which  the  ER  combats  proteinopathic  insults  are 
grouped  into  the  unfolded  protein  response  (UPR). 

ER  STRESS  AND  THE  UNFOLDED  PROTEIN  RE¬ 
SPONSE 

ER  stress  results  from  abnormalities  that  overwhelm 
normal  ER  performance.  ER  stress  can  be  elicited  by  viral 
infection  [5],  blockage  of  ER  protein  clearance  pathways 
such  as  ERAD  [8],  calcium  disruptors,  hypoglycemia,  expos- 
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ing  cells  to  compounds  such  as  tunicamycin,  thapsigargin, 
and  dithiothreitol,  and  hypoxia  [9].  In  response  to  ER  stress, 
the  cell  activates  the  UPR  [2].  The  overall  goal  of  this  re¬ 
sponse  is  to  restore  ER  function  by  decreasing  input  of  nas¬ 
cent  proteins  and  increasing  output  of  folded  proteins.  In 
consequence,  the  UPR  regulates  size,  shape,  and  abundance 
of  luminal  and  transmembrane  proteins  [10],  all  of  which 
contribute  to  the  reestablishment  of  homeostasis. 

Activation  of  the  UPR  begins  by  the  dissociation  of  glu¬ 
cose-regulating  proteins  (GRPs)  from  three  types  of  ER 
transmembrane  anchors,  namely  IRE1  (Inositol-Requiring 
Protein  1  or  Serine/Threonine-Protein  Kinase/Endori- 
bonuclease),  ATF6  (Activating  Transcription  Factor  a  or 
Cyclic  AMP-Dependent  Transcription  Factor),  or  PERK. 
GRPs  are  ER  chaperones  that  facilitate  refolding  of  nascent 
proteins  [4].  Once  detached  from  the  membrane,  GRPs  asso¬ 
ciate  with  nascent  proteins  to  facilitate  their  folding  and  se¬ 
cretion  from  the  ER.  Therefore,  GRPs  are  ER-resident  chap¬ 
erones,  and  their  dysfunction  alone  can  lead  to  conditions 
such  as  juvenile  onset  glaucoma  and  blindness  [6].  The  most 
abundant  GRPs  are  Grp78  (binding  immunoglobulin  protein 
or  BiP)  and  Grp94  [11].  Meanwhile,  each  anchor,  IRE1, 
ATF6,  and  PERK  is  free  to  initiate  its  own  signaling  path¬ 
ways  (Fig.  1). 

Under  homeostatic  conditions,  IRE1  is  constitutively  at¬ 
tached  to  Grp78  under  homeostatic  conditions.  Once  de¬ 
tached,  IRE1  dimerizes  and  autophosphorylates,  which  in 
turn  activates  RNase  domains.  Phosphorylated  and  active 
IRE1  targets  and  cleaves  X  box-binding  protein  1  (XBP1), 
which  is  a  transcriptional  activator  of  UPR  target  genes  such 
as  ERAD  proteins  and  ER  chaperones  [12,  13]  (Fig.  1). 
Other  downstream  transcription  factors  that  are  activated  by 
XBP1  facilitate  production  of  phospholipids  that  allow  the 
ER  membranes  to  expand  under  stress  [12,  13].  If  ER  stress 
is  maintained,  sustained  IRE1  function  mediates  activation 
of  signaling  cascades  involved  in  cell  death.  Specifically, 
this  apoptotic  cascade  activates  the  apoptosis  signal- 
regulated  kinase  1  (ASK1)  and  c-Jun  N-terminal  kinase 
(JNK)  [14,  15]  (Fig.  1). 

The  ATF6  pathway  also  begins  by  its  dissociation  from 
Grp78,  which  provides  SI  and  S2  proteases  to  release  ATF6 
from  the  membrane.  ATF6  translocates  to  the  nucleus,  where 
it  promotes  expression  of  Grp78,  XBP1,  C-EBP- 
Homologous  Protein  /  Growth  Arrest  DNA  Damage- 
Inducible  transcript  3  (CHOP/GADDI 53),  and  Grp94.  These 
effectors  participate  in  protein  folding,  protein  secretion,  and 
ERAD  [9,  16-19].  Together,  this  response  facilitates  protein 
output  from  the  ER  thereby  offering  relief  and  restoration  of 
other  functions. 

PERK 

The  third  branch  of  the  UPR  is  initiated  by  PERK.  The 
immediate  objective  of  this  cascade  is  to  reduce  translation 
of  RNA  in  order  to  limit  the  input  of  nascent  proteins  in  the 
ER.  PERK  has  two  regions:  a  luminal  region  that  changes 
conformation  when  in  contact  with  unfolded  proteins  and  a 
cytoplasmic  region  containing  a  kinase  domain  that  is  neces¬ 
sary  for  activation  [9].  Upon  dissociation  from  Grp78,  PERK 
dimerizes  and  autophosphorylates  in  a  manner  that  is  similar 


to  the  activation  of  IRE  1.  In  turn,  phosphorylation  of  PERK 
activates  the  kinase  domain,  which  then  targets  substrates  to 
activate  the  cascade.  The  best  characterized  PERK  target  is 
the  eukaryotic  initiation  factor  2a  (eIF2a)  [5].  Phosphoryla¬ 
tion  of  eIF2a  prevents  it  from  forming  a  complex  with  GTP, 
a  step  that  is  necessary  for  reloading  eIF2  to  initiate  transla¬ 
tion  of  mRNA.  Therefore,  p-eIF2a  reduces  protein  synthesis 
[2,  20,  21].  Nonetheless,  proteins  that  participate  in  UPR 
such  as  ERAD  components,  ER  chaperones,  UPR  transcrip¬ 
tion  factors,  and  mediators  of  the  three  branches  of  the  UPR 
elude  this  mechanism  (reviewed  in  [22]).  The  mRNA  for 
these  proteins  contains  pseudo-open  or  upstream  open  read¬ 
ing  frames  (uORFs)  that  avoid  the  p-eIF2a-mediated  at¬ 
tenuation  of  translation.  As  a  result  of  increased  and  selec¬ 
tive  expression  of  uORF-containing  transcripts,  the  UPR 
pathways  become  robust  permitting  a  return  to  homeostasis 
or  activation  of  apoptosis  [21]. 

Activating  Transcription  Factor-4  (ATF4)  is  another 
downstream  effector  of  the  PERK  cascade.  ATF4  is  selec¬ 
tively  enriched  during  ER  stress  by  eluding  PERK-mediated 
suppression  of  translation  [20,  21,  23].  ATF4  plays  a  critical 
role  in  both  relieving  the  ER  for  cell  adaptation  and  activat¬ 
ing  apoptosis.  As  in  the  case  of  IRE1  and  ASK1,  the  mecha¬ 
nisms  responsible  to  this  dual  ATF4  function  are  crucial  to 
understand  the  role  of  the  UPR  in  cell  survival  versus  death 
decisions.  A  key  factor  regulating  the  switch  from  activating 
pro-survival  to  favoring  cell  death  pathways  is  the  extent  of 
time  in  which  the  UPR  is  active  [24,  25]. 

In  the  case  of  acute  PERK  activity,  ATF4  stimulates  ex¬ 
pression  of  proteins  involved  in  cell  recovery  and  adaptation 
such  as  ER  chaperones.  However,  when  PERK  activity  is 
chronic,  sustained  ATF4  levels  upregulate  pro-apoptotic 
proteins  such  as  CHOP  and  growth  arrest  and  DNA  damage- 
inducible  34  (GADD34)  [1,  2,  26].  Therefore,  increased 
ATF4  decreases  cell  survival  suggesting  that  prolonged 
translation  of  ATF4  is  a  primary  signal  for  apoptosis  under 
ER  stress  [3,  20].  ATF4  facilitates  expression  of  CHOP, 
which  in  turn  promotes  apoptosis  by  enhancing  expression  of 
DR5  and  tribbles- related  protein  3.  In  parallel,  ATF4  also 
participates  in  the  inhibition  of  peroxisome  proliferator- 
activated  receptor  y,  which  triggers  pro-apoptotic  signals  [4, 
26-28]. 

Besides  CHOP,  ATF4  also  induces  the  phosphatase  ac¬ 
tivity  of  GADD34,  which  targets  p-eIF2a.  Initial  expression 
of  GADD34  negatively  feeds  back  on  the  PERK  pathway  by 
dephosphorylating  eIF2a  to  restore  protein  synthesis  to  its 
normal  rate  [29,  30].  However,  extended  GADD34  activity 
is  associated  with  apoptosis  via  phosphorylation  of  (cellular 
tumor  antigen  p53)  TP53  [31]  (Fig.  1). 

Nrf2  (nuclear  factor  erythroid  2 -related  factor  2)  is  an¬ 
other  direct  substrate  of  PERK  [32].  This  second  PERK  sub¬ 
strate  is  a  transcriptional  activator  that  promotes  expression 
of  proteins  involved  in  adaptation  to  oxidative  stress  [33]. 
Nrf2  exists  ubiquitously  in  the  cytoplasm  attached  to  Keapl 
(Kelch-like  ECH-asso dated  protein  1).  Upon  activation  of 
the  UPR,  PERK-directed  phosphorylation  of  Nrf2  dissoci¬ 
ates  the  Keapl/Nrf2  complex.  Consequently,  Nrf2  is  translo¬ 
cated  to  the  nucleus  where  it  activates  transcription  of  pro¬ 
teins  with  antioxidant  activity. 


148  Current  Alzheimer  Research,  2016,  Vol.  13,  No.  2 


Bell  et  al. 


In  addition  to  these  direct  interactions  between  PERK 
and  eIF2a  or  PERK  and  Nrf2,  the  PERK  pathway  plays  a 
central  role  in  regulating  the  entire  UPR.  Expression  of 
dominant-negative  PERK  facilitates  activation  of  ATF6  and 
its  downstream  effector  XBP1  [28].  The  inability  of  cells  to 
activate  the  PERK  pathway  under  conditions  of  ER  stress 
(e.g.  exposure  to  tunicamycin)  results  in  attenuated  phos¬ 
phorylation  of  eIF2a  and  delayed  suppression  of  translation. 
In  response,  the  ATF6  pathway  is  further  enhanced  com¬ 
pared  to  control  cells  [28].  These  data  suggest  that  UPR  ac¬ 
tivity  is  exquisitely  tuned  in  three  different  yet  integrated 
branches.  In  addition,  PERK  facilitates  ATF6  function  by 
enhancing  transport  of  ATF6  from  the  ER  and  Golgi  [34]. 
These  studies  suggest  that  PERK  is  a  central  integrator  of  the 
UPR,  and  specific  modulation  of  PERK  activity  could  lead 
to  overall  UPR-directed  cell  survival/death  pathways. 

SYSTEMIC  IMPLICATIONS 
Diabetes  Mellitus 

Diabetes  mellitus  is  caused  by  impaired  insulin  signals 
and  decreased  insulin  secretion  [35].  In  both  Type  I  and 
Type  II  diabetes,  apoptosis  of  P-cells  is  the  primary  mecha¬ 
nism  of  cell  death  [35].  According  to  the  American  Diabetes 
Association,  diabetes  mellitus  symptomatology  includes  fre¬ 
quent  urination,  feeling  excessively  thirsty  or  hungry,  ex¬ 
treme  fatigue,  blurry  vision,  cuts  and  bruises  that  heal 
slowly,  and  tingling  or  numbness  in  the  hands  or  feet.  In  the 
United  States,  29.1  million  people  have  diabetes,  with  ap¬ 
proximately  27.8%  of  those  people  being  undiagnosed.  Ac¬ 
cording  to  the  Centers  for  Disease  Control  and  Prevention’s 
2014  “National  Diabetes  Statistics  Report:  Estimates  of  Dia¬ 
betes  and  Its  Burden  in  the  United  States”,  1.7  million 
Americans  aged  20  or  older  were  diagnosed  with  the  disease 
in  2012. 

PERK-mediated  cell  death,  is  implicated  in  the  patho¬ 
genic  process  leading  to  diabetes  mellitus  [35].  Secretory 
cells,  such  as  islet  P-cells  that  are  integral  for  insulin 
production,  produce  high  levels  of  PERK  [35,  36].  Demand 
for  insulin  requires  these  P-cells  to  produce  upwards  of  one 
million  molecules  per  minute,  meaning  the  ER  must  modify 
and  package  the  proteins  for  proper  use  [37].  PERK 
signaling  is  important  for  the  normal  function  and  survival  of 
secretory  cells  [36].  The  pancreatic  P-cells  are  particularly 
susceptible  to  ER  stress  and  therefore  depend  on  PERK  for 
proper  function  [35];  however,  PERK  might  be  responsible 
for  this  susceptibility.  Just  like  in  other  cells,  PERK  can  be 
protective  and  harmful  in  the  pancreas.  Under  normal 
cellular  conditions,  the  survival  properties  of  PERK 
dominate;  but  under  extreme  stress,  such  as  what  is 
associated  with  diabetes,  induction  of  cell  death  pathways 
becomes  more  prevalent  [36]. 

PERK  abnormalities  are  directly  associated  with 
diabetes.  In  Scandinavians,  the  PERK  gene  maps  to  a  locus 
that  is  implicated  in  the  development  of  Type  I  diabetes  [36]. 
Under  more  severe  conditions,  a  mutation  in  the  PERK  gene, 
EIF2AK3,  causes  Wolcott-Rallison  Syndrome  (WRS),  a  rare 
form  of  monogenic  diabetes  that  manifests  as  infantile-onset, 
insulin  requiring  diabetes  [38].  WRS  is  characterized  by 
early  destruction  of  pancreatic  beta  cells  [36].  This  disease  is 
very  rare,  with  under  60  cases  noted  as  of  2010  [39,  40], 


although  it  may  be  underdiagnosed  due  to  death  occurring 
before  patients  exhibit  the  typical  signs  and  symptoms  [41]. 
Alongside  neonatal  diabetes,  the  main  features  of  this  WRS 
include  multiple  epiphyseal  dysplasia  (impaired  ability  of 
bones  to  elongate  and  grow  normally)  and  hepatic 
dysfunction  [39,  41,  42].  More  recent  studies  have  reported 
39  distinct  mutations  in  the  PERK  gene  in  WRS  patients, 
which  result  in  early  termination  of  the  protein  or  missense 
mutations  in  the  kinase  domains  [41].  As  of  yet,  there  is  no 
link  between  any  specific  mutation  and  WRS  symptoms  or 
onset. 

As  a  key  mediator  of  the  UPR,  PERK  activity  is 
necessary  to  protect  cells  from  the  apoptotic  signals  inherent 
in  prolonged  UPR  activation.  Studies  using  in  vitro  and  in 
vivo  models  show  that  PERK-deficient  pancreatic  P-cells  are 
more  sensitive  to  apoptosis  induced  by  the  ER.  In  addition, 
PERK-deficient  mice  develop  neonatal  hyperglycemia 
caused  by  islet  proliferation  defects  and  increased  apoptosis 
[43].  In  fact,  embryonic  development  of  p-cells  requires 
eIF2a  phosphorylation,  and  peIF2a  maintains  full  function 
of  differentiated  P-cells  [43].  Although  there  are  other 
enzymes  that  can  also  phosphorylate  eIF2a,  these  data 
suggest  that  the  PERK  pathway  is  a  primary  mediator  of  P- 
cell  development. 

PERK  knockout  mice  are  born  with  seemingly  normal 
islets  of  Langerhans,  but  there  is  progressive  destruction  of 
P-cells  over  the  first  few  weeks  of  their  lives  [36].  This  is 
likely  the  result  of  inability  to  cope  with  the  high  demand  for 
insulin.  These  data  suggest  that  PERK  cycling  is  critical  for 
adaptation  to  ER  function  under  extreme  conditions  of 
protein  secretion.  PERK  knockdown  in  cells  shows  similar 
results,  where  reduced  PERK  activity  keeps  eIF2a  in  a 
dephosphorylated  state,  which  also  inhibits  the  GTP  cycling 
and  obstructs  translation  [21].  As  a  result,  cells  become 
sensitive  to  ER  dysfunction  and  accumulation  of  misfolded 
proteins  in  the  ER  [44].  PERK  loci  variants  are  associated 
with  the  risk  of  prediabetes,  such  as  the  minor  C  allele  of 
rs867529  (a  PERK  SNP),  which  has  been  linked  with  a  1.3- 
fold  increased  risk  [38]. 

Obesity,  a  leading  cause  of  Type  II  Diabetes  Mellitus,  is 
associated  with  initiation  of  cellular  stress  signaling  and  in¬ 
flammatory  pathways,  including  ER  stress  [45].  Deprivation 
of  nutrients  and  glucose  or  increased  synthesis  of  secretory 
proteins  is  a  major  change  in  response  to  obesity;  com¬ 
pounded  over  time,  these  factors  induce  ER  stress  [45].  UPR 
proteins  such  as  Grp78  are  also  increased  in  obese  mice, 
indicating  that  the  ER  is  undergoing  stress  and  the  UPR  is 
active  during  obesity  [45].  In  addition,  PERK,  peIF2a,  and 
JNK  are  increased  in  liver  extracts  of  obese  mice  when  com¬ 
pared  to  lean  control  mice  [45].  These  data  suggest  that  obe¬ 
sity  is  directly  linked  to  chronic  induction  of  ER  stress  and 
the  UPR  (Fig.  IB).  These  data  also  suggest  that  the  duration 
of  the  UPR  could  be  suspended  by  removing  the  need  for 
increased  metabolic  demands  and  protein  synthesis. 

A  widely  used  model  for  diabetes,  the  Akita  mouse,  has  a 
spontaneous  mutation  that  causes  early-onset  non-obese  dia¬ 
betes  [46].  In  the  Akita  mouse,  the  ER  of  secretory  P-cells 
distends  and  contains  increased  levels  of  BiP  indicating  that 
the  ER  has  become  stressed  [23,  36].  In  addition,  progressive 
hyperglycemia  is  accompanied  by  CHOP  induction,  which 
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Fig.  (1).  Adaptive  and  pro-apoptotic  pathways  of  the  UPR.  Under  homeostatic  conditions,  IRE1,  PERK,  and  ATF6  are  anchored  to  the 
ER  membrane  by  association  with  BiP.  Upon  activation  of  the  UPR,  BiP  releases  the  effectors  of  the  three  branches  of  the  UPR.  (A)  In  the 
pro-survival,  adaptive  response,  IRE1  dimerizes  and  autophosphorylates.  Phosphorylated  IRE1  activates  XBP1,  which  in  turn  is  translocated 
into  the  nucleus  to  upregulate  the  transcription  of  other  adaptive  UPR  genes.  Meanwhile,  PERK  dimerizes,  autophosphorylates,  and  targets 
eiF2a  and  Nrf2.  Once  phosphorylated,  eIF2a  cannot  contribute  to  activation  of  eIF2  thereby  halting  the  initiation  of  translation.  This  pro¬ 
vides  relief  to  the  ER  by  reducing  input.  Nonetheless,  uORF- containing  transcripts,  such  as  ATF4,  elude  the  attenuation  of  translation  and 
become  enriched.  ATF4  can  transactivate  other  adaptive  UPR  genes  as  well  as  trigger  GADD34  activity.  In  turn,  GADD34  dephosphorylates 
eIF2a,  which  restarts  initiation  of  translation.  Once  phosphorylated,  Nrf2  also  serves  as  a  trans activator  for  pro-survival  genes.  ATF6,  the 
third  branch  of  the  UPR,  translocates  into  the  nucleus  to  enhance  transcription  of  UPR  genes  such  as  XBP1.  (B)  Chronic  activation  of  the 
UPR  leads  to  pro-apoptotic  signals.  IRE1  induces  apoptosis  by  activating  ASK1  and  consequently  JNK.  In  the  PERK  pathway,  sustained 
attenuation  of  translation  by  p-eIF2a  suppresses  protein  synthesis.  Neurons  are  particularly  susceptible  to  the  impact  of  prolonged  reduction 
of  nascent  proteins.  In  the  pro-apoptotic  phase  of  ATF4,  CHOP  induces  cell  death  cascades;  long-term  activation  of  the  ATF4-GADD34 
pathway  leads  to  activation  of  the  pro-apoptotic  protein  TP53.  Abbreviations:  UPR:  unfolded  protein  response;  IRE1:  inositol-requiring  en¬ 
zyme  1;  PERK:  protein  kinase  R-like  ER  kinase;  ATF6:  cyclic  AMP-dependent  transcription  factor-6;  XBP1:  X  box-binding  protein  1; 
eIF2a:  eukaryotic  initiation  factor  2a;  Nrf2:  nuclear  factor  erythroid  2-related  factor  2;  ATF4:  cyclic  AMP-dependent  transcription  factor-4; 
uORF:  upstream  open  reading  frame;  GADD34:  growth  arrest  DNA  damage-inducible  GADD34;  ASK1:  apoptosis  signal -regulated  kinase 
1;  JNK:  c-Jun  N-terminal  kinase;  CHOP:  C-EBP-homologous  protein;  TP53:  cellular  tumor  antigen  p53. 


occurs  downstream  of  PERK  and  leads  to  apoptosis  [23,  35]. 
Conversely,  CHOP  knockout  mice  have  a  delayed  onset  of 
islet  cell  destruction  and  hyperglycemia  as  well  as  reduced 
cell  death  by  any  kind  of  ER  stress  [23].  These  studies 
highlight  the  important  role  of  CHOP  as  a  downstream 
effector  of  the  PERK  pathway  and  mediator  of  cell  death. 

Tumor  Growth  and  Cancer 

ER  stress  also  plays  a  role  in  various  cancers  and  tumor 
growth.  Cancer  cells  become  highly  dependent  on  glycolysis 
due  to  increased  metabolic  demands  for  growth  and  propaga¬ 
tion  [47].  Increased  demand  of  the  glycolytic  pathway  causes 
glucose  deprivation  inducing  ER  stress  [47].  In  response,  the 
UPR  pathway  is  an  effective  early  sensor  of  cellular  stress 
associated  with  tumorigenesis  [48].  Further  research  into  the 
UPR's  relationship  with  cancer  and  tumor  growth  could  pro¬ 


vide  useful  information  for  early  detection.  In  addition,  tar¬ 
geting  the  UPR  with  pro-apoptotic  compounds  ( e.g.  PERK 
enhancers)  could  serve  as  therapeutic  strategies. 

PERK  activity  regulates  tumor  growth  in  several  tissues. 
Tumors  from  MMTV-Neu  transgenic  mice  were  transduced 
with  a  retrovirus  that  excised  PERK  [48].  When  transplanted 
into  mammary  fat  pads  of  SCID  mice,  the  PERK-deficient 
tumors  had  a  reduced  volume  compared  to  PERK-positive 
cells  [48].  This  function  extrapolates  to  other  cell  types 
throughout  the  body,  where  partial  blocking  of  the  UPR  via 
PERK/ATF4  knockdown  reduces  the  production  of  angio¬ 
genic  mediators  [20].  Knockdown  of  PERK  also  leads  to 
reduced  cell  migration,  which  in  turn  reduces  metastasis 
[49].  Further,  PERK-deficient  tumor  cells  have  markedly 
less  volume  compared  to  PERK-positive  cells  [48].  There¬ 
fore,  PERK  knockdown  leads  to  attenuation  of  tumor  cell 
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growth.  Tests  in  vivo  show  that  PERK  silencing  slows  tumor 
growth  and  decreases  the  blood  vessel  density  in  tumors. 

Due  to  their  increased  growth  rate,  cancer  cells  require 
aberrantly  amplified  ER  activity  in  order  to  handle  the  ER 
membrane  swelling  demands  in  protein  folding  [47].  This 
increase  in  ER  activity  and  cellular  demand  causes  tumor 
cells  to  outgrow  their  blood  supply.  As  a  result,  solid  tumors, 
and  in  particular  malignant  tumors,  present  a  toxic  tumor 
microenvironment,  which  is  characterized  by  sustained  hy¬ 
poxic  conditions  [4].  In  response,  the  cell  undergoes  ER 
stress  and  activates  the  UPR.  Various  types  of  cancers  have 
increased  levels  of  BiP  that  correlates  with  tumor  growth  and 
proliferation  [47].  In  fact,  the  level  of  BiP  expression  di¬ 
rectly  correlates  with  stage  of  malignancy  [4].  Therefore, 
hypoxia-mediated  activation  of  the  UPR,  and  its  angiogenic 
properties  become  beneficial  for  tumor  cells  [4,  50].  Indeed, 
specific  PERK  activation  helps  upregulate  angiogenic  genes 
[50]. 

Another  complex  mechanism  within  the  UPR-PERK 
pathway  is  one  that  impacts  autophagy-related  proteins.  Hy¬ 
poxia-mediated  activation  of  PERK/A TF4  induces  Lysoso¬ 
mal-Associated  Membrane  Protein  3  (LAMP3),  which  is 
necessary  for  autophagy  [49,  51].  The  activation  kinetics  of 
LAMP3  closely  resembles  those  of  the  PERK  pathway. 
ATF4  knockdown  using  siRNA  or  disrupting  the  phosphory¬ 
lation  of  eIF2a,  prevents  LAMP3  induction  even  under  hy¬ 
poxic  conditions  [51].  For  a  therapeutic  perspective  in  other 
stages  of  cancer  progression,  the  LAMP3  homologs,  LAMP1 
and  LAMP2,  are  associated  with  metastasis  in  breast  cancer 
[49].  While  the  mechanism  by  which  LAMP3  associates 
with  cancer  progression  is  not  yet  clear,  LAMP  expression 
associates  with  metastasis  in  the  cervix  and  it  is  implicated  in 
breast  cancer  [49].  Therefore,  as  an  upstream  facilitator  of 
LAMP  expression,  PERK  could  serve  as  a  therapeutic  target 
or  downstream  sensor. 

NEUROLOGICAL  IMPLICATIONS 

Many  neurodegenerative  diseases  show  upregulation  of 
the  UPR  including  amyotrophic  lateral  sclerosis  (ALS), 
Huntington’s  disease  (HD),  Parkinson’s  disease  (PD),  Alz¬ 
heimer’s  disease  (AD),  Progressive  Supranuclear  Palsy 
(PSP),  and  Frontotemporal  Dementia  (FTD).  The  mecha¬ 
nisms  linking  these  diseases  and  the  UPR  are  not  yet  clear; 
however,  an  underlying  molecular  phenomenon  of  these  dis¬ 
orders  is  the  aberrant  accrual  of  unfolded  /  misfolded  pro¬ 
teins  such  as  poly-glutamine,  A|3,  tau,  synuclein,  and  TDP- 
43,  among  others. 

In  the  context  of  neurotoxicity,  PERK  has  received  spe¬ 
cial  attention.  This  is  in  part  due  to  the  genetic  risk  for  onset 
of  some  tauopathies  inherent  to  SNPs  on  the  gene  coding  for 
PERK  [52-55],  identification  of  increased  pPERK  in  various 
neurodegenerative  disorders  [56-60],  and  a  link  between 
chronic  PERK  activation  and  decreased  synthesis  of  synaptic 
proteins  [61].  Neurons  require  constant  protein  production 
for  synaptic  function,  which  makes  them  particularly  vulner¬ 
able  to  chronic  attenuation  of  protein  translation.  Therefore, 
the  PERK  pathway  hampers  neuronal  function  well  before  it 
initiates  pro-apoptotic  cascades.  As  a  result,  PERK  is  a  po¬ 
tent  mediator  of  neuronal  dysfunction,  which  underscores  the 
interest  of  PERK  in  the  field  of  neurodegeneration  research. 


Abrogating  the  extended  activity  of  other  branches  of  the 
UPR,  that  is  IRE1  and  ATF6,  could  offer  benefits  to  long¬ 
term  cell  function  and  survival  and  ameliorate  the  long-term 
consequences  of  synaptic  dysfunction.  However,  the  neu¬ 
ronal  dependence  on  nascent  protein  production  makes  the 
PERK  pathway  critical  for  synaptic  function.  The  require¬ 
ment  for  nascent  protein  synthesis  extends  to  proper  cellular 
function  and  it  quickly  and  potently  impacts  overall  brain 
function  [62]. 

Amyotrophic  Lateral  Sclerosis  (ALS) 

ALS  is  a  motor  neuron  disease  showing  neuro degenera¬ 
tion  in  the  spinal  ventral  horn,  most  of  the  nuclei  in  the 
brainstem,  and  cerebral  cortex.  An  estimated  5,000  people 
are  diagnosed  with  ALS  every  year  [63]  and  more  than 
12,000  people  meet  the  standard  surveillance  definition  of 
ALS  [64].  ALS  is  fatal,  and  it  leads  to  loss  of  motor  function 
due  to  muscle  atrophy  with  death  typically  occurring  less 
than  four  years  after  diagnosis.  [2,  65-68].  Phenotypic  varia¬ 
tion  in  the  onset  of  this  disease  contributes  to  the  difficulty  in 
understanding  ALS  to  the  fullest  extent.  Spinal  onset,  seen  in 
the  majority  of  ALS  cases,  begins  around  60  years  of  age. 
Initially,  a  painless  weakness  in  one  limb  leads  to  a  clinical 
examination  that  reveals  further  muscle  atrophy,  hyperre- 
flexia,  fasciculation,  and  hypertonia  [69,  70].  The  early 
symptoms  are  observed  at  an  inconsistent  rate,  but  show  con¬ 
tiguous  spread  in  the  majority  of  patients  [71].  Bulbar  onset 
is  seen  in  around  20%  of  all  ALS  cases  [69,  72].  Common 
symptoms  include  dysarthria,  dysphagia,  tongue  fascicula¬ 
tion,  and  jaw  jerkiness  [69,  72].  Bulbar  onset  has  a  worse 
prognosis  than  spinal  onset,  with  life  expectancy  after  diag¬ 
nosis  only  being  2  years.  Respiratory  onset  is  the  least  com¬ 
mon  form  in  ALS,  seen  in  only  3-5%  of  patients.  These  pa¬ 
tients  show  orthopnea  or  dyspnea,  with  mild  or  absent  spinal 
or  bulbar  onset  symptoms.  This  pattern  of  onset  is  seen  pre¬ 
dominantly  in  males.  The  short-term  life  expectancy  after 
diagnosis  is  1.4  years  with  no  long-term  survival  (>10  years) 
[72,  73].  The  majority  of  cases  are  sporadic  (—90%),  but  a 
few  cases  (~10%)  are  known  to  show  genetic  patterns  of 
inheritance  [2].  More  than  half  of  familial  cases  of  ALS  can 
be  attributed  to  mutations  in  SOD1  (superoxide  dismutase 
1),  TARDBP  (the  gene  encoding  the  protein  TDP-43), 
C9orf72 ,  and  the  FUS  gene  [71]. 

Expression  of  mutant  forms  of  TDP-43  and  SOD1  are  as¬ 
sociated  with  PERK  activation.  TDP-43  is  a  DNA  binding 
protein  found  predominantly  in  the  nucleus.  However,  even 
under  normal  circumstances,  part  of  TDP-43  is  cytoplasmic, 
and  aberrant  localization  and  sorting  of  TDP-43  contributes 
to  disease  progression  [74-76].  Interestingly,  TDP-43  can 
also  be  a  part  of  co-morbidities  in  disease  when  brains  are 
confounded  by  pathological  tau  [77].  Previous  studies  have 
shown  that  stress  granule  formation  correlates  with  expres¬ 
sion  of  ALS-associated  mutations  [78].  Stress  granules  are 
intracellular  aggregates  composed  of  mRNAs,  ribosomal 
subunits,  and  various  proteins.  Phosphorylation  of  eIF2a  and 
consequent  attenuation  of  protein  translation  increases  the 
risk  for  the  formation  of  stress  granules  [79].  Recent  studies 
have  shown  that  overall  cellular  stress  can  induce  stress 
granule  formation  [80-82]  and  PERK-mediated  phosphoryla¬ 
tion  of  eIF2a  initiates  stress  granule  formation  of  TDP-43 
[83,  84]. 
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Accumulation  of  mutant  SOD1  in  the  ER,  which  is  im¬ 
plicated  in  some  cases  of  ALS,  induces  ER  stress  through 
association  with  BiP.  BiP  is  believed  to  chaperone  the  trans¬ 
port  of  SOD1  into  the  ER,  with  the  protein-binding  domain 
(residues  392-509)  playing  a  critical  role  in  the  binding  of 
SOD1  and  BiP  [68].  SOD1  is  a  protein  that  binds  to  copper 
or  zinc  ions  to  form  cytoplasmic  and  mitochondrial  isozymes 
that  eliminate  free  superoxide  radicals.  In  SOD1G93A  trans¬ 
genic  mouse  model  of  ALS,  PERK  is  activated.  The  conse¬ 
quent  phosphorylation  of  eIF2a  leads  to  increased  expression 
of  ATF4.  ATF4  activation  as  a  result  of  the  PERK  pathway 
was  evidenced  in  disease-affected  areas  such  as  the  spinal 
cords.  However,  ATF4  was  not  activated  in  unaffected  areas 
such  as  cerebellum,  suggesting  that  PERK  activation  is  se¬ 
lectively  activated  in  discreet  regions  [68].  Mutant  SOD1 
also  increases  mitochondrial  and  oxidative  stress,  which  in 
turn  induces  PERK-mediated  phosphorylation  of  eIF2a  [66]. 

Huntington’s  Disease  (HD) 

Huntington’s  disease  is  an  autosomal  dominant,  neurode- 
generative  disease  caused  by  a  cytosine-adenine-guanine 
(CAG)  repeat  expansion  within  the  huntingtin  gene.  This 
mutant  gene  leads  to  a  pathogenic  form  of  the  huntingtin 
protein  [85].  Mutant  huntingtin  aggregates  and  damages  the 
striatum  and  cerebral  cortex  via  mechanisms  that  are  not  yet 
clear.  These  pathological  pathways  lead  to  cognitive  decline 
and  motor  impairment  [86-88].  Generally,  the  life  expec¬ 
tancy  of  HD  is  approximately  10-30  years  after  onset  of 
symptoms  but  this  prognosis  can  vary  greatly  depending  on 
the  number  of  repeats  on  the  gene  [5].  Along  with  HD,  there 
is  an  array  of  Huntington’s  disease- like  (HDL)  syndromes. 
HDL-1  is  an  autosomal  dominant  prion  disease  caused  by 
additional  octapeptide  repeats  in  the  prion  protein  gene.  [89, 
90].  Clinical  symptoms  such  as  ataxia  are  similar  to  those 
seen  in  HD;  however,  spongiosis  is  not  prevalent  [91,  92]. 
HDL-2  is  autosomal  dominant  as  well,  but  is  caused  by 
expansions  of  a  CTG-CAG  triplet  repeat  in  the  junctophilin- 
3  (JPH3)  gene  on  chromosome  16q24.3  [93].  This  form  of 
HDL  manifests  very  similarly  to  HD.  HDL-3  an  autosomal 
recessive  disease  that  has  only  been  seen  in  two  Saudi  Ara¬ 
bian  families.  It  has  an  early  age  of  onset  (3-4  years)  and 
very  little  is  known  about  this  disease  [94].  HDL-4,  also 
known  as  spinocerebellar  ataxia  type  17  (SCA17),  is  an 
autosomal  disease  caused  by  triplet  repeat  expansions  in  the 
TATA  box-binding  protein  (TBP)  gene  located  on  chromo¬ 
some  6q27.  This  is  the  most  commonly  inherited  type  of 
HDL  with  the  most  common  clinically  observed  feature  be¬ 
ing  cerebral  ataxia  [95].  Even  though  it  is  classified  as  an 
HDL  syndrome,  very  few  cases  show  a  high  level  of  similar¬ 
ity  to  symptoms  seen  in  HD. 

Aggregation  of  mutant  huntingtin  induces  ER  stress  and 
activates  the  UPR.  The  UPR-PERK  pathway  has  not  been 
extensively  studied  in  HD.  However,  levels  of  p-eIF2a  are 
increased  in  cells  expressing  mutant  huntingtin  and  addition 
of  salubrinal  showed  decreased  aggregates  and  increased  cell 
viability  [96].  This  further  suggests  that  sustained  chronic 
eIF2a  inhibition  beyond  that  of  the  PERK  pathway  might 
show  reversal  of  the  PERK-mediated  neuro toxic  effects.  In 
addition,  p-eIF2a  levels  in  wild  type  NIH  3T3  striatal  cells 
are  much  lower  than  other  cells  types.  However,  p-eIF2a 
levels  are  increased  upon  transfection  of  mutant  huntingtin 


into  HEK  293 T  cells,  suggesting  that  huntingtin  over¬ 
expression  induces  the  PERK  pathway.  Conversely,  reduc¬ 
tion  of  p-eIF2a  levels  by  inhibition  of  the  PERK  pathway 
reverses  toxicity  of  the  mutant  huntingtin  protein  [97].  In 
addition,  functional  assays  in  these  studies  showed  that  low 
levels  of  p-eIF2a  were  necessary  for  optimal  striatal  neuron 
function  [98].  A  later  study  by  Li  et  al ,  showed  that  Grp78 
is  upregulated  in  cells  expressing  mutant  huntingtin  protein. 
The  same  study  also  showed  that  Grp78  reduces  aggregation 
of  mutant  huntingtin  protein  [99].  Grp78  activation  and 
dislodging  form  PERK  suggests  that  the  other  UPR 
pathways  are  also  activated,  and  in  these  cases,  UPR 
activation  is  chronic.  Still,  very  few  results  have  been  pub¬ 
lished  about  the  PERK  pathway  specifically.  More  studies 
must  be  done  to  conclusively  determine  the  role  of  PERK  in 
HD  and  weigh  the  therapeutic  potential  of  PERK. 

Parkinson’s  Disease  (PD) 

Parkinson’s  disease  is  a  neurodegenerative  disease  that  is 
clinically  diagnosed  based  on  common  symptoms:  rest 
tremor,  rigidity,  bradykinesia,  and  postural  instability.  Con¬ 
firmation  of  clinical  diagnosis  is  done  by  post-mortem  analy¬ 
sis.  An  estimated  1.5  million  people  in  the  US  suffer  from 
Parkinson’s.  The  classic  hallmark  of  the  disease  is  the  pres¬ 
ence  of  Lewy  bodies,  which  typically  include  large  accumu¬ 
lations  of  a-synuclein  in  neurons  [100-103].  Norepinephrine 
deficiency  is  another  contributing  factor  to  the  progression  of 
the  disease,  which  accounts  for  much  of  the  impairment  seen 
in  the  autonomic  system  of  PD  patients.  Reduction  in  nore¬ 
pinephrine  levels  happens  before  reduction  in  dopamine  lev¬ 
els  [104];  however,  it  is  unclear  which  neuro  transmitter  is 
the  first  or  the  major  problem  seen  in  the  disease.  The  death 
of  dopaminergic  neurons  in  the  substantia  nigra  is  the  most 
prominent  and  well-established  sign  of  the  disease  and  has 
provided  a  therapeutic  target.  Initially,  dopamine  deficiency 
leads  to  decline  of  motor  skills  that  are  accompanied  by  be¬ 
havioral  changes  and  dementia  seen  in  late  stages  of  the  dis¬ 
ease.  The  cause  of  death  of  dopaminergic  neurons  is  largely 
unknown  [56,  58].  The  most  common  pharmacological 
treatment  for  PD  is  administration  of  Levadopa,  which  is 
converted  to  dopamine  by  L-dopa  decarboxylase.  While 
treatment  with  Levodopa  has  increased  the  standard  of  living 
for  many  patients  with  PD,  there  is  substantial  resistance  to 
using  the  drug  on  the  basis  of  dopamine  dysregulation  and  its 
dire  effects  on  reward  stimulation  and  schizophrenic  symp¬ 
tomatology.  A  compelling  argument  stems  from  the  critical 
connectivity  of  the  basal  ganglia  with  other  structures  in  the 
brain  [105-109]. 

The  most  established  location  for  a  connection  between 
the  molecular  basis  of  PD  and  chronic  activation  of  the  UPR 
was  identified  in  dopaminergic  neurons  of  Parkinson’s  brain. 
Indeed,  the  levels  of  pPERK  and  p-eIF2a  are  significantly 
increased  in  dopaminergic  neurons  compared  to  age-matched 
control  brains  [56,  58].  However,  there  is  no  colocalization 
of  a-synuclein  and  pPERK  or  of  a-synuclein  and  p-eIF2a, 
suggesting  that  synuclein  does  not  play  a  role  in  activating 
the  UPR  or  its  participation  is  indirect.  A  recent  study  by  Le 
Masson  et  al  found  that  a-synuclein  is  localized  in  mito¬ 
chondrial-associated  ER  membranes  (MAM).  Different  mu¬ 
tations  of  a-synuclein  determine  the  level  of  association  seen 
with  MAM  and  contribute  to  the  overall  level  of  mitochon- 
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drial  dysfunction  [110].  While  not  directly  identifying  the 
UPR  or  the  PERK  pathway,  this  discovery  provides  support 
to  the  idea  a-synuclein  association  with  the  ER  is  detrimental 
in  PD  and  confirms  that  the  UPR  is  a  potentially  promising 
therapeutic  target. 

Alzheimer’s  Disease 

Alzheimer’s  disease  (AD)  is  a  progressive  neurodegen- 
erative  disorder  that  is  pathologically  characterized  by  the 
appearance  of  amyloid  plaques  and  tau  tangles  [111].  With 
current  demographics  showing  5.2  million  Americans  suffer¬ 
ing  from  the  disease,  it  is  the  most  common  cause  of  demen¬ 
tia  in  the  US.  Initial  symptoms  include  difficulty  with  acqui¬ 
sition  and  recall  of  recent  episodic  memory.  Progressive 
symptomatology  expands  to  problems  with  overall  cognitive 
function  such  as  the  inability  to  recognize  places  or  family 
members.  Late-stage  AD  patients  show  total  loss  of  volun¬ 
tary  and  involuntary  muscle  control  [111]. 

The  two  major  pathological  hallmarks  of  Alzheimer's 
disease  are  amyloid  plaques  and  neurofibrillary  tangles, 
which  are  composed  of  amyloid  beta  (A|3)  peptides  and  aber¬ 
rantly  folded  microtubule-associated  protein  tau,  respec¬ 
tively.  Both  Ap  and  tau,  and  their  diverse  pathological  con¬ 
formations,  interfere  with  cellular  homeostasis.  AD  brains 
show  signs  of  chronic  UPR  activation  as  evidenced  by  in¬ 
creased  levels  of  Grp78,  pPERK,  pIREla,  peIF2a,  and 
ATF4  [57,  59,  112,  113].  As  previously  described,  increased 
expression  and  availability  of  membrane-detached  Grp78 
suggests  activation  of  the  three  branches  of  the  UPR  (Fig.  1). 
These  studies  corroborate  activation  of  the  IRE1  branch,  but 
no  other  downstream  effectors  of  this  pathway  are  docu¬ 
mented.  Similarly,  data  suggesting  activation  of  the  ATF6 
pathway  is  scant.  Meanwhile,  increased  levels  of  pPERK,  p- 
eIF2a,  and  ATF4  indicate  that  there  is  activation  of  the 
PERK  pathway.  Sustained  ATF4  activity  directly  leads  to 
activation  of  pro-apoptotic  cascades  [20].  Therefore,  chronic 
activation  of  the  PERK-ATF4  pathway  could  be  a  major 
mechanism  mediating  apoptotic  cell  death  in  AD.  Nonethe¬ 
less,  the  extent  of  UPR  activation  in  AD  has  not  been  fully 
characterized.  More  information  will  help  dissect  the  full 
regulation  of  the  UPR  and  identify  potential  therapeutic  tar¬ 
gets  to  balance  pro-survival  vs.  pro-apoptotic  pathways. 

The  timing  during  which  the  UPR  is  initially  activated  in 
correlation  with  disease  is  a  matter  of  debate,  but  at  least  in 
AD  brains,  pPERK  levels  accrue  in  hippocampal  neurons 
that  experience  pre-tangle  pathology  [57].  Hoozemans  et  al , 
determined  that  pPERK  directly  co-localized  with  AT8- 
positive  tau  species  and  not  with  neurofibrillary  tangles.  In 
addition,  pPERK  levels  positively  correlate  with  the  extent 
of  tau  pathology  as  marked  by  their  Braak  score  [114].  Of 
importance  is  the  identification  of  pPERK  in  hippocampal 
neurons  where  tau  pathology  begins  in  AD  brains  [114,  115]. 
These  data  argue  for  a  temporal  response  to  pathological  tau 
aggregation  where  early  pathological  steps  in  the  disease 
process  activate  the  UPR.  However,  more  recent  data  do  not 
extricate  early  pathological  tau  species  as  indirect  mediators 
of  ER  stress.  Indeed,  soluble  tau  is  responsible  for  impairing 
ERAD,  which  in  turn  increases  ER  burden  and  activates  the 
UPR  [6]. 


Interestingly,  UPR  activation  is  associated  with  another 
pathological  sign  that  is  common  in  AD  brains:  granulo- 
vacuolar  degenerating  bodies  (GVDs).  These  are  deposits  of 
autophagic  vacuoles  that  seem  to  originate  from  smooth  ER; 
their  membranes  contain  lipid  raft  proteins  like  flotillin-1, 
and  they  encapsulate  ubiquitinated  proteins  that  are  destined 
for  autophagic  destruction  [116-118].  GVDs  are  not  unique 
to  AD  pathology;  they  have  been  identified  in  brains  suffer¬ 
ing  from  Down’s  syndrome,  progressive  supranuclear  palsy 
(PSP),  parkinsonism  dementia  complex  of  Guam,  Pick’s 
disease,  pallido-ponto-nigral  degeneration,  Parkinson’s  dis¬ 
ease,  dementia  with  Lewy  bodies,  ALS,  and  elderly  controls 
[119-121].  The  common  pathological  hallmark  associated 
with  GVDs  in  these  disorders  is  the  colocalization  with  hy- 
perphosphorylated  tau.  In  turn,  GVDs  also  show  intense 
pPERK  immunoreactivity  in  AD.  Therefore,  tau-mediated 
clogging  of  the  autophagic  pathway  could  result  in  another 
indirect  mechanism  by  which  tau  induces  ER  stress  in  pre¬ 
tangle  stages  of  disease.  In  addition,  these  findings  support 
the  idea  that  the  UPR  is  active  in  other  tauopathies.  Depend¬ 
ing  on  its  conformation,  tau  clearance  is  directed  in  part  by 
chaperone-co-chaperone  interactions  [122],  which  can  direct 
tau  for  proteasomal  or  autophagic  clearance  [123]. 

The  mechanism  by  which  tau  induces  ER  stress  was  re¬ 
cently  established  [6].  We  previously  showed  increased  lev¬ 
els  of  active  PERK  in  the  brains  of  rTg4510  mice,  a  tau 
transgenic  mouse  model  that  overexpresses  FTD-related 
P301L  mutant  tau  and  show  extensive  neurofibrillary  tangle 
pathology  and  cognitive  deficits  [124].  Hoozemans  et  al 
shows  co-localization  of  diffuse  phosphorylated  tau  (AT8- 
positive)  with  phosphorylated  PERK  but  neurofibrillary  tan¬ 
gles  show  little  to  no  PERK  reactivity,  suggesting  that  the 
mechanism  of  tau-mediated  PERK  activation  is  indirect. 
Indeed,  we  identified  that  pathological  soluble  tau  species, 
some  of  the  earliest  and  most  neurotoxic  tau  species,  are 
responsible  for  preventing  egress  of  proteasome-bound  ER 
substrates.  As  a  result,  ERAD  is  impaired,  leading  to  an  in¬ 
creased  volume  of  nascent  proteins  in  the  ER  lumen.  In  re¬ 
sponse,  the  UPR  is  activated. 

More  recent  data  suggest  that  there  is  a  reverse  link  by 
which  PERK  increases  the  abundance  of  pathological  tau 
species.  In  fact,  three  PERK-mediated  pathways  could  lead 
to  aberrant  tau  species  (Fig.  2).  First,  pPERK  activates 
GSK3(3,  a  tau  kinase  that  is  implicated  in  tauopathy  [125]. 
Second,  PERK  activates  caspases  that  cleave  tau  [126];  the 
accumulation  of  caspase-cleaved  tau  (cTau)  is  an  early  indi¬ 
cator  of  pre-tangle  pathology  in  AD  and  other  tauopathies 
[122,  127,  128].  Mechanistically,  cTau  sensitizes  neurons  to 
ER  stress-induced  cell  death,  and  it  stimulates  mitochondrial 
dysfunction  [129,  130].  Moreover,  preventing  caspase  cleav¬ 
age  of  tau  reduces  tau  filament  formation  [131].  Third,  it  was 
recently  established  that  PERK  itself  could  phosphorylate 
tau  on  residues  that  are  associated  with  late  stage  pathology 
[132].  These  data  support  the  idea  that  PERK-mediated 
caspase  activation  could  play  a  role  in  potentiating  patho¬ 
logical  tau  species.  This  places  PERK  as  a  node  in  a  bidirec¬ 
tional  cycle  of  cell  death  whereby  pathological  tau  species 
activate  PERK  and  sustained  PERK  activity  mediates  cell 
death  downstream  while  propagating  the  appearance  of 
pathological  tau  species.  In  turn,  increased  pathological  tau 
can  cause  neurotoxicity  through  many  other  pathways. 
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Another  product  of  APP  processing  that  is  uniquely 
linked  to  the  UPR  is  the  APP- intracellular  domain  (AICD),  a 
transcription  factor  that  results  from  APP  cleavage.  AICD 
stimulates  transcription  of  CHOP,  which  suggests  a  normal 
role  of  APP  in  mediating  the  UPR;  an  imbalance  in  this 
regulation  (i.e.  overproduction  of  APP)  would  induce  further 
production  of  CHOP  [136,  139,  140].  This  could  be  one  of 
the  many  mechanisms  underlying  neurotoxicity  in  AD,  the 
consequences  of  which  would  be  increased  cell  death. 

While  other  ER  stress  markers  are  markedly  changed  by 
amyloid  beta  and  APP,  there  is  no  current  evidence  linking 
amyloid  beta  or  APP  to  PERK  dysfunction.  While  human 
AD  brains  present  increased  levels  of  several  UPR  makers 
including  pPERK,  the  Tg2576  mouse  model  of  amyloidosis 
(a  model  overexpressing  the  Swedish  mutation-containing 
APP  gene),  does  not  show  pPERK  reactivity  [135].  Mean¬ 
while,  rTg4510  mice  show  robust  tau-mediated  accumula¬ 
tion  of  pPERK  and  BiP  [6].  Consistent  with  the  finding  that 
pPERK  is  abundant  in  tangle  bearing  neurons  of  FTD,  PSP, 
and  AD  brains,  it  is  likely  that  tau  more  directly  links  UPR 
activation  than  A|3  [60]. 


Pro-apoptotic  cascades 
Reduced  production  of  synaptic  proteins 
Neuronal  dysfunction 

Fig.  (2).  PERK  is  a  bimodal  mediator  of  tau  toxicity.  Pathologi¬ 
cal  tau  species  chronically  activate  PERK  leading  to  long-term 
reduction  of  protein  synthesis  via  p-eIF2a.  Chronic  reduction  of 
synaptic  proteins  causes  neuronal  dysfunction,  which  contributes  to 
symptomatology  in  neurodegenerative  disorders.  Sustained  levels 
of  pPERK  activate  pro-apoptotic  cascades  downstream.  Other 
downstream  targets  of  the  PERK  pathway  are  identified  to  act  on 
tau  pathologically,  such  as  GSK3|3,  caspase-3,  and  phosphorylate 
tau  directly.  Abbreviations:  pTau:  hyperphosphorylated  tau;  cTau: 
caspase-cleaved  tau;  PERK:  protein  kinase  R-like  ER  kinase; 
eIF2a:  eukaryotic  initiation  factor  2a;  GSK3|3:  glycogen  synthase 
kinase  |3. 

UPR  activation  becomes  evident  in  cells  overexpress¬ 
ing  APP,  cells  treated  with  A(3  oligomers,  and  iPSCs  (in- 
duced-pluripotent  stem  cells)  from  familial  and  sporadic 
AD  patients;  albeit,  the  degree  of  UPR  activation  is  dis¬ 
crepant  in  iPSCs  [133-136].  The  relationship  between  ER 
stress  and  A(3  appears  to  stem  from  retention  and  process¬ 
ing  of  APP  in  the  ER.  For  instance,  there  is  indication  that 
APP-mediated  activation  of  the  UPR  leads  to  enriched  sub- 
cellular  localization  and  abnormal  processing  of  APP  on  the 
ER  [137],  which  would  cause  strain  on  the  ER  membrane. 
Another  potential  mechanism  could  be  mediated  by  APP 
processing  into  A|3  oligomers  that  would  interfere  with  ER 
function;  indeed,  mechanisms  of  APP  and  A|3-mediated  ER 
dysfunction  have  been  associated  to  impaired  vesicle  trans¬ 
port  originating  from  the  ER  [138]. 


Progressive  Supranuclear  Palsy 

Progressive  supranuclear  palsy  is  a  neurodegenerative 
disease  with  a  wide  variety  of  clinical  symptoms  and  seven 
different  documented  phenotypes  [141].  The  most  common 
symptoms  seen  in  early  stages  of  all  types  of  PSP  are 
bradykinesia,  increased  falls,  postural  instability,  tremors, 
cognitive  changes,  and  supranuclear  palsy  of  the  vertical 
gaze  [141,  142].  This  disease  is  especially  hard  to  diagnose, 
as  early  clinical  symptoms  overlap  heavily  with  PD  and 
other  dementias  [143,  144].  Approximately  five  per  100,000 
people  are  affected  by  PSP  with  the  average  age  of  onset 
being  63  [145].  PSP  is  classified  as  a  tauopathy  due  to  the 
prevalence  of  tau  aggregates  in  multiple  brain  regions  in¬ 
cluding  the  basal  ganglia,  diencephalon,  brainstem  and  cere¬ 
bellum  [146].  The  hallmark  characteristic  that  differentiates 
PSP  from  other  tauopathies  are  the  tufted  astrocytes  [147]. 

Activation  of  the  PERK  pathway  has  been  seen  in  human 
tissue  samples  and  amplified  pPERK  levels  correlate  with 
increasing  levels  of  tau  [60].  The  most  direct  causal  connec¬ 
tion  that  links  PERK  with  PSP  onset  is  a  genetic  variation  in 
EIF2AK3 ,  the  gene  that  codes  for  PERK.  The  largest  ge¬ 
nome-wide  association  study  for  PSP  revealed  a  SNP  in  the 
EIF2AK3  that  is  associated  with  risk  for  the  disease 
(rs7571971)  [55].  Interestingly,  this  same  SNP  is  in  linkage 
disequilibrium  with  a  series  of  other  SNPs  that  change  spe¬ 
cific  residues  on  the  coding  region  of  PERK  [52-54].  The 
genetic  impact  of  this  risk  for  PSP  seems  to  increase  PERK 
activity,  further  suggesting  that  PERK  inhibition  could  be  an 
attractive  therapeutic  strategy.  Furthermore,  considering  that 
inheritance  of  this  SNP  increases  the  risk  for  a  wide  spec¬ 
trum  of  PSP  phenotypes,  AD,  and  lower  bone  mineral  den¬ 
sity,  current  efforts  should  strive  to  investigate  the  efficacy 
of  PERK- inhibiting  compounds.  A  noteworthy  observation 
from  these  studies  is  that  novel  therapeutic  targets  for  these 
disorders  could  exist  downstream  in  the  PERK  pathway.  For 
instance,  inhibition  of  ATF4  could  be  an  attractive  therapeu¬ 
tic  strategy  that  would  have  less  of  an  overall  effect  on  the 
UPR. 
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Frontotemporal  Dementia  (FTD) 

Frontotemporal  dementia  is  a  clinically  and  pathologi¬ 
cally  diverse  neurodegenerative  disease  typically  classified 
by  tau  aberrancy  [148].  The  term  frontotemporal  dementia  is 
used  to  describe  the  clinical  syndromes  seen  in  the  disease, 
while  the  term  frontotemporal  lobar  degeneration  (FTLD)  is 
used  to  describe  the  neuropathology  of  the  disease  seen  post 
mortem.  In  adults  45-65  years  old,  FTD  is  almost  as  preva¬ 
lent  as  AD,  occurring  in  about  fifteen  people  per  100,000 

[149] .  The  major  syndromes  associated  with  FTD  include 
behavioral  variant  FTD  (bvFTD),  semantic  dementia  (SD), 
progressive  non-fluent  aphasia  (PNFA),  corticobasal  syn¬ 
drome  (CBS),  and  progressive  supranuclear  palsy  syndrome 
(PSPS).  All  of  these  diagnoses  are  based  on  behavioral 
changes  including  personality  changes,  change  in  language 
function,  and  motor  changes.  Post  mortem  diagnosis  of 
FTLD  based  on  pathological  biomarkers  of  most  FTD  pa¬ 
tients  can  be  split  into  two  categories:  FTLD-TDP  and 
FTLD- tau.  The  other  cases  that  do  not  fall  into  either  of 
those  categories  are  then  divided  into  the  ubiquitin  protea- 
some  syndrome  (FTLD-UPS),  the  fused  in  sarcoma  protein 
(FTLD-FUS),  ubiquitin  only  (FTLD-U),  or  lack  inclusions 
completely  (FTLD-ni)  [148]. 

To  date,  there  have  been  few  studies  exploring  the  link 
between  PERK  and  FTLD.  Correlation  between  increasing 
tau  levels  and  increasing  PERK  levels  is  seen  in  FTLD-tau 
brains.  Specifically,  the  region  showing  highest  reactivity 
was  the  hippocampus.  FTLD-TDP  and  FTLD-FUS  brain 
tissue  samples,  however,  show  no  increase  in  PERK  activity 
[60].  Validation  of  the  lack  of  PERK  activation  in  FTLD- 
TDP  was  shown  by  Tong  et  al.  Transgenic  rats  bred  to  ex¬ 
press  mutant  human  TDP-43  exclusively  in  the  forebrain 
showed  no  activation  of  PERK  (or  any  other  UPR  markers) 

[150] .  The  disparity  in  the  results  of  these  studies  may  be 
due  to  differences  clinical  symptoms  of  FTD  and  pathology 
seen  in  FTLD.  This  leaves  a  large  niche  to  fill  in  regards  to 
finding  therapeutic  treatments. 

THERAPEUTICS 

The  data  on  PERK  and  its  role  in  disease  implicate  its 
pathway  as  a  therapeutic  target  for  treatment  of  PERK- 
opathies.  Further  insight  into  the  pathway  itself  and  the 
molecular  mechanisms  through  which  it  functions  could 
yield  significant  insight  into  the  understanding  and  treat¬ 
ment  of  many  neuropathological  and  systemic  diseases 
discussed  in  this  review.  Promising  results  in  experimen¬ 
tal  phases  of  PERK  inhibitors  have  fueled  the  develop¬ 
ment  of  PERK- targeting  strategies  [50,  151-153].  Despite 
the  toxicity  of  on-  and  off-target  effects,  inhibitors  such  as 
GSK2606414  have  shown  exciting  therapeutic  (not  just 
preventative)  rescue  of  normal  phenotypes. 

Long-term  PERK  inhibition  could  have  adverse  conse¬ 
quences  to  ER  homeostasis.  To  avoid  this  risk  we  propose  to 
explore  the  therapeutic  potential  of  inhibiting  downstream 
effectors  of  the  PERK  pathway.  For  instance,  inhibition  of 
ATF4  could  be  an  attractive  therapeutic  strategy  that  would 
have  less  of  an  overall  effect  on  the  UPR.  Targeting  down¬ 
stream  effectors  of  the  PERK  pathway  could  mitigate  poten¬ 
tial  side  effects  caused  by  prolonged  PERK  activation  or 
inhibition  throughout  the  body.  However,  development  of 


these  tools  is  still  in  its  infancy,  and  more  needs  to  be 
learned  from  the  intricate  regulation  of  the  UPR.  It  remains 
to  be  seen  whether  inhibiting  the  PERK  pathway  exerts 
feedback  regulation  of  other  pathways  such  as  the  UPR  and 
beyond;  it  is  also  not  clear  whether  this  phenomenon  would 
be  beneficial.  It  would  be  exciting  to  find  intermittent  strate¬ 
gies  that  would  ultimately  activate  and  inhibit  PERK  to  offer 
optimal  outcomes:  activate  PERK  to  alleviate  the  ER,  but 
inhibit  PERK  to  prevent  cell  death  in  a  timely  manner. 

PERK  targeting  is  an  attractive  strategy  for  cancer 
therapeutics  due  to  antiproliferative  properties  of  long¬ 
term  inhibition.  The  effects  of  PERK  knockdown  con¬ 
tinue  to  provide  key  insights  into  the  physiology  of 
different  cancers,  which  could  see  advancements  in 
treatment  through  therapeutic  modification  or  modulation 
of  the  PERK  pathway.  Inhibiting  PERK  in  cancer  cells 
may  limit  their  ability  to  thrive  under  hypoxic  and  nutri¬ 
ent  deprived  conditions,  which  in  turn  leads  to  apoptosis 
of  cancerous  cells  or  tumor  growth  inhibition  [50].  This 
has  been  shown  using  PERK  inhibitors  in  various  cancer 
models  where  PERK  inhibition  precludes  tumor  cell 
growth  [49].  Whether  these  data  will  lead  to  curative  ef¬ 
fects  in  humans  still  remains  to  be  seen. 

The  general  therapeutic  strategy  presented  here  is  to 
inhibit  PERK  to  de-repress  protein  synthesis.  While 
chronic  PERK  activity  shows  neurotoxicity,  inhibition  of  the 
eIF2a  phosphatase  GADD34  with  salubrinal  effectively  in¬ 
creases  phosphorylation  of  eIF2a  and  abrogates  translation 
[154].  However,  GADD34  inhibition  improves  motoneuron 
function  and  increases  lifespan  in  SOD1G93A  transgenic 
mice  [154].  As  discussed  earlier  in  this  review,  interruption 
of  protein  synthesis  for  an  extended  period  of  time  under¬ 
lines  neurotoxicity.  Nonetheless,  chronic  PERK  activity  with 
increased  eIF2a  inhibition/phosphorylation  in  this  model 
shows  improved  outcomes.  It  is  possible  that  reducing 
overall  translation  might  effectively  reduce  synthesis  of 
mutant  SOD1  thereby  abrogating  other  SOD  1 -mediated 
neurotoxic  insults.  While  this  would  be  effective  in  mod¬ 
els  where  protein  over-expression  is  the  culprit  of  the  dis¬ 
ease  phenotype,  it  bears  limited  appeal  to  therapeutics  in 
diseases  where  accumulation  of  the  pathogenic  protein  is 
indifferent  to  protein  synthesis.  However,  salubrinal 
might  have  important  ramifications  for  individuals  with 
trisomy  21,  where  expression  of  three  copies  of  APP  is 
ascribed  to  onset  of  Alzheimer’ s-like  pathology  and  cog¬ 
nitive  decline  [155]. 

CONCLUSIONS 

The  data  reviewed  suggest  that  PERK  is  a  potent  media¬ 
tor  of  neuronal  dysfunction  that  is  linked  to  neurodegenera¬ 
tive  disorders.  Many  of  these  disorders  are  tauopathies  (AD, 
PSP,  FTD,  among  others),  which  have  no  cure.  Since 
tauopathies  are  the  most  devastating  cognitive  threat  to  the 
aging  population,  there  is  an  urgent  need  to  identify  thera¬ 
peutic  targets  like  PERK.  Notwithstanding,  a  vast  amount  of 
unresolved  issues  in  the  strategy,  therapeutic  window,  and 
safety  impede  progress  at  this  time. 

Future  studies  aiming  to  identify  the  earliest  time  points 
in  which  the  PERK  pathway  is  active  will  help  identify  an 
early  therapeutic  window.  Equally  important  is  the  identifi- 
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cation  of  neuronal  dysfunction  and  cell  death  after  PERK 
activation.  With  this  information,  it  is  possible  to  carefully 
trace  the  timeline  during  which  PERK  stops  being  beneficial 
and  initiates  deleterious  cascades. 

The  compound  GSK2606414  is  a  potent  and  selective 
PERK  inhibitor  [50].  It  was  recently  used  in  a  study  to  show 
alleviation  of  motor  deficits  in  a  rodent  model  of  prion  dis¬ 
ease  [151].  The  compound  successfully  reduced  the  prion 
phenotype  both  in  preventative  and  therapeutic  interventions. 
However,  treatment  for  more  than  three  months  caused  the 
mice  to  lose  20%  of  their  body  weight  and  moderately  in¬ 
crease  their  blood  glucose  levels.  These  data  suggest  that  the 
compound  has  on-target  effects  on  a  pancreatic  homolog  of 
PERK,  PKR.  These  interactions  preclude  current  PERK  in¬ 
hibitors  to  be  funneled  through  to  clinical  testing.  These  data 
also  frame  the  proof-of-concept  that  inhibition  of  the  PERK 
pathway  is  an  attractive  and  novel  therapeutic  strategy,  and 
they  substantiate  efforts  to  develop  next  generation  PERK 
inhibitors  that  are  more  specific. 

PERK’s  fundamental  role  in  the  cell  suggests  that  inhibi¬ 
tion  of  its  pathway  could  lead  to  unexpected  deleterious 
consequences.  As  described  in  the  first  part  of  this  article, 
the  UPR  is  a  complex  pathway  with  three  branches  that  self 
regulate.  Two  potential  outcomes  of  long-term  PERK  sup¬ 
pression  on  overall  UPR  function  are  that  the  UPR  system 
could  reset  itself  after  chronic  inhibition  of  PERK  or  that  the 
UPR  will  not  correct  itself  upon  PERK  inhibition  and  pro- 
apoptotic  cascades  will  ensue.  It  is  possible  that  cross  talk 
between  all  UPR  players  could  elicit  a  compensatory  state 
where  future  ER  stress  activates  a  moderate  UPR  (without 
activation  of  the  PERK  pathway)  without  initiating  pro- 
apoptotic  cascades. 

Another  caveat  to  PERK-mediated  treatments  for  neu- 
rodegenerative  disorders  is  the  varied  etiology  of  these  dis¬ 
eases.  For  instance,  not  all  tauopathic  brains  show  a  similar 
amount  of  UPR  activation  status  [156].  This  is  likely  because 
of  different  stages  of  disease;  however,  it  is  also  possible  that 
based  on  the  diverse  molecular  mechanisms  through  which 
the  UPR  can  be  induced,  different  identities  and  conforma¬ 
tions  of  pathogenic  proteins  could  activate/inhibit  the  UPR  in 
different  ways  [157].  In  the  case  of  PERK,  this  is  important 
because  it  could  help  identify  diverse  activity  levels  that  fa¬ 
vor  one  branch  over  another.  In  addition,  modulating  the 
UPR  could  help  prevent  pro-apoptotic  cascades  thereby 
promoting  cell  survival  in  neurodegenerative  disorders. 

Despite  these  concerns,  it  is  clear  that  PERK  activity  is 
common  to  many  systemic  and  neurodegenerative  disorders. 
Recent  genetic  and  biochemical  data  suggest  that  PERK 
plays  a  pathogenic  role  in  some  cases,  while  in  others  it  po¬ 
tentiates  disease  progression.  It  is  not  clear  yet  what  would 
be  the  long-term  cost  of  inhibiting  the  UPR.  Nonetheless, 
important  and  exciting  studies  to  characterize  and  challenge 
the  PERK  pathway  of  the  UPR  are  currently  underway,  and 
they  could  unlock  not  only  clues  into  the  mechanisms  of 
disease  onset  and  progression,  but  also  effective  therapeutic 
paradigms. 

LIST  OF  ABBREVIATIONS 

AD  =  Alzheimer’s  disease 


ASK1 

= 

apoptosis  signal-regulated  kinase  1 

ATF4 

= 

cyclic  AMP-dependent  transcription  fac¬ 
tor-4 

ATF6 

= 

cyclic  AMP-dependent  transcription  fac¬ 
tor-6 

BiP 

= 

immunoglobulin  heavy  chain-binding  pro¬ 
tein 

CHOP 

= 

C-EBP-Homologous  Protein 

cTau 

= 

caspase- cleaved  tau 

eIF2a 

= 

eukaryotic  initiation  factor  2  a 

ER 

= 

endoplasmic  reticulum 

FTD 

= 

fronto-temporal  dementia 

GADDI  53 

= 

growth  arrest  DNA  damage- inducible  tran¬ 
script  3 

GADD34 

= 

growth  arrest  dna  damage- inducible 
GADD34 

Grp 

= 

glucose-regulated  protein 

GSK3(3 

= 

glycogen  synthase  kinase  (3. 

HD 

= 

Huntington’s  disease 

IRE1 

= 

inositol-requiring  enzyme  1 

JNK 

= 

c-Jun  N-terminal  kinase 

Nrf2 

= 

nuclear  factor  erythroid  2 -related  factor  2 

PD 

= 

Parkinson’s  disease 

PERK 

= 

protein  kinase  R-like  ER  kinase 

PSP 

= 

progressive  supranuclear  palsy 

pTau 

= 

hyperphosphorylated  tau 

uORF 

= 

upstream  open  reading  frames 

UPR 

= 

unfolded  protein  response 

XBP1 

= 

X  box-binding  protein  1 
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Tauopathies,  the  most  common  of  which  is  Alzheimer’s  disease  (AD),  constitute  the  most  crippling 
neurodegenerative  threat  to  our  aging  population.  Tauopathic  patients  have  significant  cognitive  decline 
accompanied  by  irreversible  and  severe  brain  atrophy,  and  it  is  thought  that  neuronal  dysfunction  begins 
years  before  diagnosis.  Our  current  understanding  of  tauopathies  has  yielded  promising  therapeutic 
interventions  but  have  all  failed  in  clinical  trials.  This  is  partly  due  to  the  inability  to  identify  and 
intervene  in  an  effective  therapeutic  window  early  in  the  disease  process.  A  major  challenge  that  con¬ 
tributes  to  the  definition  of  an  early  therapeutic  window  is  limited  technologies.  To  address  these 
challenges,  we  modified  and  adapted  a  manganese-enhanced  magnetic  resonance  imaging  (MEMRI) 
approach  to  provide  sensitive  and  quantitative  power  to  detect  changes  in  broad  neuronal  function  in 
aging  mice.  Considering  that  tau  tangle  burden  correlates  well  with  cognitive  impairment  in  Alzheimer’s 
patients,  we  performed  our  MEMRI  approach  in  a  time  course  of  aging  mice  and  an  accelerated  mouse 
model  of  tauopathy.  We  measured  significant  changes  in  broad  neuronal  function  as  a  consequence  of 
age,  and  in  transgenic  mice,  before  the  deposition  of  bona  fide  tangles.  This  MEMRI  approach  represents 
the  first  diagnostic  measure  of  neuronal  dysfunction  in  mice.  Successful  translation  of  this  technology  in 
the  clinic  could  serve  as  a  sensitive  diagnostic  tool  for  the  definition  of  effective  therapeutic  windows. 

©  2017  Elsevier  Inc.  All  rights  reserved. 


1.  Introduction 

Alzheimer’s  disease  (AD)  and  related  tauopathies  are  the  most 
crippling  cognitive  threat  to  the  aging  population.  There  is  no  cure 
for  tauopathies,  and  this  is  partly  because  of  unclear  understanding 
of  tau  pathogenesis.  It  is  expected  that  in  the  United  States  we  will 
spend  approximately  $1.2  trillion  to  maintain  the  constantly  dete¬ 
riorating  quality  of  life  of  16  million  Americans  with  AD  by  2050 
(Alzheimer’s,  2016).  Despite  promising  results  in  in  vivo  models, 
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therapeutic  interventions  fail  to  halt  the  disease  process,  and  they 
only  provide  temporary  benefits.  A  major  challenge  in  the  field  is 
the  lack  of  sensitive  technologies  to  identify  presymptomatic  signs 
of  disease.  Consequently,  neuronal  damage  in  the  patient  popula¬ 
tion  recruited  for  clinical  trials  might  be  too  far  advanced  for  ther¬ 
apeutics  to  be  effective.  Therefore,  there  is  a  critical  need  to  identify 
an  early  therapeutic  window  in  the  prodromal  stage  of  disease. 

The  current  diagnostic  imaging  measure  of  pre-AD  relies  on 
amyloid  plaque  detection.  Individuals  are  screened  using  anti¬ 
amyloid  ligands  (florbetapir)  with  positron  emission  tomography 
(PET)  (Carome  and  Wolfe,  2011;  Choi  et  al.,  2009;  Klunlc  et  al., 
2004;  Mathis  et  al.,  2004).  In  addition,  development  of  effective 
and  specific  tau  tangle  ligands  such  as  18F-T807  accelerated  the 
possibility  of  measuring  both  pathological  signs  of  AD  and 
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discriminating  several  diseases  (Chien  et  al.,  2014;  Johnson  et  al., 
2016;  Marquie  et  al.,  2015).  There  are  several  challenges  for  us¬ 
ing  PET  technology  to  diagnose  neurodegenerative  processes. 
Accessibility  to  PET  instruments  is  limited  by  location  and  cost, 
curtailing  widespread  availability  of  this  technique.  Moreover,  the 
merging  of  PET  molecular  signatures  to  anatomical  features  re¬ 
quires  the  addition  of  structural  imaging  and  in  the  case  of 
computed  tomography  imaging,  which  leads  to  double  exposure 
to  radiation.  The  most  pivotal  obstacle  with  current  imaging  di¬ 
agnostics  is  their  focus  on  correlation  between  cognitive  damage 
and  mature  pathology.  Individuals  in  the  prodromal  stages  of 
disease  are  only  identified  after  PET-positive  amyloid  pathology 
appears.  Moreover,  [F18]-AV-1451  tracers  detect  PHF1 -positive 
aggregates,  which  correspond  to  late-stage  tangles  enriched 
with  pS396/S404  tau.  Therefore,  individuals  who  present  patho¬ 
logical  signs  of  disease  and  mild  (mild  cognitive  impairment)  to 
moderate  symptomatology  likely  suffer  simultaneous  irreversible 
neurodegenerative  processes  making  therapeutic  interventions 
less  efficacious  (Dubois  et  al.,  2016). 

In  contrast,  access  to  MRI  technology  is  widely  available,  and 
does  not  require  the  use  of  ionizing  radiation.  MRI  can  be  com¬ 
bined  with  contrast  enhancement  agents  to  increase  the  sensi¬ 
tivity  of  this  technique.  Manganese-enhanced  MRI  (MEMRI)  offers 
a  powerful  tool  to  repeatedly  measure  neuronal  function  in  lon¬ 
gitudinal  in  vivo  studies.  MEMRI  is  particularly  well  suited  for 
brain  imaging  because  manganese  enters  voltage-gated  ion 
channels  proportionally  to  calcium  flux  (Lin  and  Koretsky,  1997) 
and  shortens  the  T1  relaxation  time  of  neighboring  water 
(Antkowiak  et  al.,  2012;  Bissig  and  Berkowitz,  2014;  Drapeau  and 
Nachshen,  1984;  Koretsky  and  Silva,  2004;  Vandsburger  et  al., 
2012).  Once  in  a  neuron,  manganese  is  trafficked  through  the 
cells  and  released  in  the  postsynaptic  density  (Pautler  et  al.,  1998), 
and  this  activity-dependent  uptake  and  trafficking  correlates  with 
broad  neuronal  function  (Pautler  and  Koretsky,  2002).  In  addition, 
manganese  is  taken  up  preferentially  in  the  hippocampus 
(Shineman  et  al.,  2011 ),  a  key  brain  region  involved  in  learning  and 
memory.  Therefore,  MEMRI  is  a  powerful  technique  to  quantify 
broad  neuronal  function  in  brain  regions  affected  by  age  and 
neurodegenerative  disease. 

We  tested  the  value  of  combined  MEMRI  and  mapping  of  T1 
relaxation  times  coupled  with  T2-mapping  to  determine  changes  in 
signatures  over  time  and  with  disease  in  the  rTg4510  transgenic 
mouse  model  of  accelerated  tauopathy  (Santacruz  et  al.,  2005). 
MEMRI  recognized  alterations  in  broad  neuronal  function  during 
presymptomatic  stages  of  pretangle  pathology.  Our  results 
suggest  that  MEMRI  is  a  sensitive,  widely  available,  and  noninvasive 
in  vivo  imaging  technique  for  identification  of  early  stages  of 
neurodegeneration. 

2.  Materials  and  methods 

2.1.  Mice  and  ethics  approval 

All  animal  studies  were  approved  by  the  University  of  Ken¬ 
tucky’s  Institutional  Animal  Care  and  Use  Committee  (IACUC) 
and  abided  by  that  committee’s  policies  on  animal  care  and  use 
in  accordance  with  the  Guide  for  the  Care  and  Use  of  Laboratory 
Animals,  the  Animal  Welfare  Regulations  Title  9  Code  of  Federal 
Regulations  Subchapter  A,  “Animal  Welfare,”  Parts  1-3,  and  the 
Public  Health  Service  Policy  on  Humane  Care  and  Use  of  Labo¬ 
ratory  Animals.  This  University  of  Kentucky  program  and  the 
facilities  for  animal  care  and  use  are  fully  accredited  by  the 
Association  for  Assessment  and  Accreditation  of  Laboratory 


Animal  Care  International.  The  animals  were  kept  in  standard 
housing  on  a  14h  light/lOh  dark  cycle  and  received  food  and 
water  ad  libitum.  The  tau  transgenic  (rTg4510)  and  parental  mice 
(rTta  and  TRE-4R0N-P301L  MAPT,  on  an  FVB  background)  were 
maintained  and  genotyped  as  described  previously  (Santacruz 
et  al.,  2005).  All  experiments  were  done  in  both  male  and 
female  mice. 

For  MEMRI  studies,  at  each  age  group  (2,  3,  and  10  months)  a 
naive  group  of  mice  were  subjected  to  one  MEMRI  scan.  As  we 
observed,  there  were  no  differences  in  MEMRI  between  TRE-4R0N 
P301L  MAPT  (tau),  rTta  and  wt  littermates,  and  each  experiment 
was  performed  with  age-  and  sex-matched  littermates  of  the  non- 
rTg4510  genotype  (Ctrl). 


2.2.  Manganese-enhanced  magnetic  resonance  imaging  (MEMRI) 

All  MRI  procedures  were  performed  in  accordance  with  the 
University  of  Kentucky  Magnetic  Resonance  Imaging  and  Spec¬ 
troscopy  Core  IACUC  Protocol.  Manganese,  which  is  identical  in 
charge  and  similar  in  ionic  radius  to  calcium,  enters  voltage-gated 
calcium  channels  on  neuronal  membranes,  follows  calcium  traf¬ 
ficking,  and  is  released  in  the  synaptic  cleft  and  internalized  by 
the  postsynaptic  neuron  (Masumiya  et  al.,  2003;  Pautler  et  al., 
1998).  Manganese  is  also  a  potent  MRI  contrast  agent  that 
lengthens  R1  (1/T1)  relaxation  rates  as  a  function  of  concentration 
in  tissue  (Vandsburger  et  al.,  2012).  When  MEMRI  is  combined 
with  an  imaging  protocol  to  quantify  tissue  R1  relaxation  rates, 
the  acquired  data  reflects  an  in  vivo  measurement  of  underlying 
function  of  cells  with  voltage-gated  calcium  channels  (Antkowiak 
et  al.,  2012).  Manganese  chloride  (30  mM)  prepared  in  saline  was 
delivered  to  mice  via  intraperitoneal  injection  (66  mg/kg).  All  MR 
imaging  was  performed  on  a  horizontal  bore  7T  Bruker  ClinScan 
magnet  (Bruker,  Ettlingen,  Germany)  using  a  cylindrical  volume 
coil  for  excitation  and  a  cryocoil  for  detection.  In  preparation  for 
imaging,  animals  are  anesthetized  using  isoflurane  (3%-5%)  in 
oxygen  at  a  rate  of  0.5-1.0  L/min  and  maintained  using  1%— 3% 
isoflurane  in  oxygen.  Body  temperature  was  maintained  using 
circulating  water,  and  vital  signs  (core  temperature  and  respira¬ 
tions)  were  monitored  using  a  physiological  monitoring  system  SA 
Instruments  Inc  (SAI,  Stony  Brook,  NY,  USA).  Look- Locker  imaging 
was  performed  following  nonselective  spin  inversion  in  one  slice 
of  the  brain  containing  large  regions  of  hippocampus.  Fifty  images 
were  acquired  following  inversion  with  image  spacing  of  100  ms 
(total  sequence  repetition  time  of  5s)  to  fully  sample  the 
T1  relaxation  curve.  Additional  image  parameters  included 
TR/TE  =  5500/1.9,  Matrix  =  128  x  128,  number  of  averages  =  3, 
field  of  view  =  17  mm  x  17  mm  x  0.7  mm.  T2-weighted  images 
were  acquired  covering  the  entire  brain  (excluding  the  cerebellum 
and  olfactory  bulb)  using  a  turbo-spin  echo  sequence  with 
TR/TE  =  3360/42,  Slices  =  21,  Matrix  =  448  x  336,  number  of 
averages  =  2,  field  of  view  =  25  mm  x  25  mm  x  0.5  mm.  The 
imaging  procedures  for  scanning  a  mouse  were  completed  in 
45  minutes.  Imaging  was  performed  before  the  injection  of  MnCh 
(baseline)  and  repeated  at  6  hours  after  injection  (Fig.  1).  Image 
mapping  and  analysis  was  performed  in  MATLAB  (Mathworks, 
Natick,  MA,  USA).  Images  from  the  Look-Locker  series  were  used 
to  reconstruct  voxel-by-voxel  signal  relaxation  curves  which  were 
fit  to  the  equation  S(TI)  =  So*(l-e~R1*TI),  where  S(t)  represents 
the  signal  at  a  given  inversion  time  (TI),  So  represents  the  steady- 
state  signal  at  maximal  TI,  and  R1  represents  the  longitudinal 
relaxation  rate.  Regions  of  interest  (dentate  gyrus  [DG],  cornu 
ammonis  1  [CA1],  cornu  ammonis  3  [CA3],  and  superior  medial 
cortex  [CTX])  were  identified  using  the  Allen  Brain  Mouse  Atlas. 
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Fig.  1.  Pre-  and  post-manganese  parametric  AR1  maps  of  a  nontransgenic  mouse.  (A)  High-resolution  R1  mapping  from  baseline  scans;  regions  of  interest  are  denoted.  (B)  Same 
mouse,  R1  maps  from  scan  taken  6  hours  after  manganese  injection.  Abbreviations:  CA1,  cornu  ammonis  1;  CA3,  cornu  ammonis  3;  CTX,  superior  medial  cortex;  DG,  dentate  gyrus; 
Mn,  manganese. 


Within  each,  the  change  in  R1  relaxation  rates  (AR1)  before  and 
after  MnCl2  exposure  was  calculated  as 

^R1  ~  —  baseline 


2.3.  Immunohistochemistry 

Following  MEMRI,  mice  were  irreversibly  anesthetized, 
exsanguinated,  and  transcardially  perfused  with  saline  followed 
by  4%  phosphate-buffered  paraformaldehyde  (PFA,  pH  7.4),  a 
protocol  mildly  modified  from  Abisambra  et  al.  (2010b).  Brain 
samples  were  fixed  in  4%  paraformaldehyde  for  24  hours,  then 
cryoprotected  by  incubating  in  successive  24  hours  increments 
with  10%,  20%,  and  30%  sucrose  gradients  as  described  previously 
(Jinwal  et  al.,  2010).  Brains  were  frozen  on  a  temperature- 
controlled  freezing  stage,  sectioned  (25  pm)  on  a  sliding  micro¬ 
tome,  and  stored  in  a  solution  of  PBS  containing  0.02%  sodium 
azide  at  4  °C. 

Free-floating  immunohistochemistry  was  performed  as 
described  (Abisambra  et  al.,  2010a).  The  following  antibody 
dilutions  were  used:  pS262  (Anaspec)  1 ;  10,000;  pT231  (Invitrogen) 
1 :25,000;  MCI  (kind  gift  from  P.  Davies)  1 :2500.  IHC  sections  were 
imaged  using  a  Zeiss  AxioScan  (Zeiss,  Germany).  Image  quantifi¬ 
cation  was  performed  using  ImageJ  as  follows:  regions  of  interest 
(CA1,  CA3,  DG,  and  CTX)  in  2-4  coronal  sections  per  mouse  were 
quantified.  Then,  all  images  were  thresholded  identically  and 
intensity  was  measured  for  each  region  of  interest.  Quantifications 
shown  are  mean  ±  standard  error  of  the  mean. 

2.4.  Statistical  analysis 

All  statistical  analyses  for  MEMRI  were  performed  using 
GraphPad  Prism  6  (Graph  Pad  Software,  Inc,  La  Jolla,  CA,  USA). 
Results  are  shown  as  the  mean  ±  standard  error.  Data  from  Fig.  2 
were  analyzed  using  two-way  ANOVA  with  a  Bonferroni  post¬ 
test.  Data  from  Figs.  3  and  4  were  analyzed  using  a  student’s 
unpaired  t- test.  A  p  <  0.05  was  considered  significant.  For 
immunohistochemistry,  any  outliers  to  standard  deviations  from 
the  mean  were  excluded.  Two-way  ANOVAs  with  multiple  com¬ 
parison  post-hoc  tests  were  performed  to  identify  statistically 
significant  differences  using  GraphPad  Prism  6  software.  A  con¬ 
fidence  interval  of  95%  ( p  <  0.05)  was  considered  statistically 
significant. 


3.  Results 

We  first  investigated  MEMRI  viability  as  a  method  to  reveal  age- 
related  changes  in  wild-type  mice.  Since  aging  impacts  calcium 
homeostasis,  overall  learning  and  memory,  and  neuronal  connec¬ 
tivity  (Gray  and  Johnston,  1987;  Landfield,  1988;  Sastry  et  al.,  1986), 
we  speculated  that  MEMRI  could  detect  age-dependent  alterations 
in  brain  regions  where  these  functions  are  crucial.  We  first  estab¬ 
lished  a  baseline  model  in  control  mice  by  performing  MEMRI  scans 
in  groups  of  mice  aged  2, 3, 6,  and  10  months  of  age.  Representative 
coronal  sections  of  high-resolution  R1  maps  are  shown  for  each  age 
group  (Fig.  2A-D).  Quantification  of  AR1  revealed  increased 
changes  in  relaxation  rates  (AR1,  where  R1  =  1/T1)  in  hippocampal 
regions  CA1,  CA3,  and  DG  (Figs.  1 A  and  2E-G)  as  well  as  in  the  CTX 
(Fig.  2H).  In  all  regions,  there  was  an  initial  increase  in  AR1  values 
from  2  to  3  months,  followed  by  a  sharp  decrease  in  AR1  values  as 
animal  age  increases  (Fig.  2E-H),  suggesting  manganese  uptake 
decreases  with  age.  These  results  suggest  MEMRI  is  a  sensitive  and 
quantitative  technique  to  distinguish  age-related  alterations  in 
nontransgenic  mice.  We  next  sought  to  determine  whether  AR1 
values  could  distinguish  differences  between  age-related  and 
neurodegenerative  disease-associated  alterations. 

MEMRI  successfully  detected  differences  in  AD  mouse  models 
overexpressing  APP  (Smith  et  al.,  2007)  and  has  been  used  to 
examine  axonal  transport  rates  in  olfactory  bulbs  of  rTg4510  (Majid 
et  al.,  2014).  Because  cognitive  decline  is  closely  associated  with 
pathogenic  tau  accumulation,  we  used  rTg4510  mice  to  identify 
whether  MEMRI  specifically  detects  changes  in  regions  of  the  brain 
negatively  impacted  by  tauopathy.  Tau  transgenic  rTg4510  mice 
express  very  high  levels  of  human  tau  with  a  pathogenic  mutation 
associated  with  FTDL17  (Santacruz  et  al.,  2005).  Pretangle  pathol¬ 
ogy  matures  into  bona  fide  Alzheimer’s-like  tau  tangles  by  4  months 
of  age  (Ramsden  et  al.,  2005;  Santacruz  et  al.,  2005).  This  patho¬ 
logical  transition  precedes  moderate  yet  significant  electrophysio- 
logical  deficits  and  cognitive  impairments,  which  become  evident 
after  3.5  months  and  4  months,  respectively  (Abisambra  et  al., 
2010b,  2013;  Ramsden  et  al.,  2005).  By  5.5  months,  rTg4510  mice 
show  overt  tangle  pathology  along  with  significant  cognitive 
decline  and  brain  atrophy  (Santacruz  et  al.,  2005).  These  signs  and 
symptoms  are  further  potentiated  with  age:  at  10  months,  rTg4510 
mice  show  larger  tangles  reminiscent  of  those  present  in  fronto¬ 
temporal  lobar  degeneration  brains,  ~20%  reduction  in  brain 
weight,  and  more  severe  cognitive  deficits  than  5.5-month-old 
transgenic  mice  (Ramsden  et  al.,  2005). 
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Fig.  2.  MEMRI  detects  age-related  changes  in  manganese  uptake  in  nontransgenic  mice.  (A-D)  Representative  MEMRI-R1  map  of  non-transgenic  mice  at  (A)  2  months, 
(B)  3  months,  (C)  6  months,  and  (D)  10  months.  Quantification  of  AR1  values  in  (E)  CA3,  (F)  CAl,  (G)  dentate  gyrus  (DG),  and  (H)  superior  medial  cortex  (CTX).  (I,  J)  AR1  and  one-way 
ANOVA  analysis  using  Tukey’s  multiple  comparisons  test  of  different  brain  regions  (DG,  CAl,  CA3,  and  CTX)  in  (I)  2  months,  (J)  3  months,  (K)  6  months,  and  (L)  10  months  control 
mice.  All  values  are  mean  ±  SEM,  n  =  at  least  6  per  group.  *p  <  0.05.  Abbreviations:  CAl,  cornu  ammonis  1 ;  CA3,  cornu  ammonis  3;  DG,  dentate  gyrus;  MEMRI,  manganese-enhanced 
magnetic  resonance  imaging. 
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Fig.  3.  Significant  MEMRI  changes  in  aged  tauopathic  mice.  Representative  R1  maps  of  MEMRI  scans  of  10-month  littermate  control  (A)  and  10-month  rTg4510  (Tg)  mice  (B). 
(C)  Quantification  of  AR1  values  in  CA3,  CA1,  dentate  gyrus  (DG),  and  superior  medial  cortex  (CTX).  All  values  are  mean  ±  SEM,  n  =  6,  *p  <  0.05. 


We  hypothesized  that  alterations  in  broad  neuronal  function 
caused  by  severe  tau  pathology  would  be  detectable  by  MEMRI.  We 
performed  MEMRI  AR1  analyses  in  10-month  rTg4510  transgenic 
mice,  an  advanced  stage  in  the  disease  showing  significant  brain 
atrophy,  tau  pathology,  and  cognitive  impairment.  Indeed,  MEMRI 
AR1  revealed  gross  abnormalities  in  rTg4510  brain  morphology: 
cortical  thinning  (Fig.  3B)  and  accumulation  of  cerebrospinal  fluid 
(blue  color,  Fig.  3B).  Comparison  of  pre-  and  post-contrast  R1  maps 
revealed  that  rTg4510  mice  have  significantly  increased  AR1  (Fig.  3B 
and  C)  in  CA1,  and  DG  regions  of  the  hippocampus,  as  well  as  in  the 
cortex  compared  with  age-matched  littermate  control  mice 
(Fig.  3A— C).  There  was  no  difference  in  any  MEMRI  signatures  in  the 
rTg4510  littermate  controls  (MAPT,  tTA,  or  wt).  These  data  suggest 
that  rTg4510  mice  have  a  much  greater  rate  of  manganese  uptake 
and  retention  in  the  brain.  Interestingly,  we  observed  a  significant 
decrease  in  AR1  from  3  month  to  10  month  of  age  (Fig.  31).  The  only 
significant  decrease  between  the  different  regions  over  time 
occurred  in  CA3. 

We  then  tested  the  sensitivity  of  MEMRI  to  identify  alterations  in 
rTg4510  mice  before  the  onset  of  cognitive  decline.  While  deficits  in 
synaptic  plasticity  are  detected  as  early  at  3.5  months  in  rTg4510 
(Abisambra  et  al.,  2013),  robust  deficits  in  cognition  are  readily 
detected  in  these  animals  at  4  months  of  age  (Ramsden  et  al.,  2005). 
We  examined  mice  at  2  and  3  months  of  age,  before  the  onset  of 
severe  cognitive  damage.  At  2  months,  AR1  was  unchanged  be¬ 
tween  rTg4510  mice  and  littermate  controls  (Fig.  4).  At  3  months, 
rTg4510  showed  significant  differences  in  AR1  in  the  CA1,  CA3,  DG, 
and  cortical  brain  regions  compared  to  2-month-old  rTg4510  mice 


(Fig.  4).  Compared  with  littermate  controls,  R1  in  the  CA1  and  CA3 
region  of  the  hippocampus  was  significantly  increased  (Fig.  4). 
Thus,  specific  tau-related  changes  in  neuronal  dysfunction  are 
detectable  by  MEMRI  as  early  as  3  months  of  age,  before  the  onset  of 
severe  cognitive  impairment  in  a  transgenic  tau  animal  model. 
These  data  suggest  that  MEMRI  can  detect  changes  in  broad 
neuronal  function  before  cognitive  impairment. 

To  identify  how  closely  MEMRI  deficits  are  associated  with 
increased  pathogenic  tau,  we  performed  immunohistochemistry  on 

2-  and  3-month-old  rTg4510  mice.  We  first  measured  an  early 
pathological  tau  conformation  detected  by  the  antibody  MCI 
(Weaver  et  al.,  2000).  As  expected,  MCI  immunoreactivity  was 
present  in  hippocampal  subregions  and  the  cortex  of  both  2-  and 

3- month-old  rTg4510  mice  (Fig.  5).  However,  MCI  immunoreac¬ 
tivity  was  significantly  increased  in  the  CA3,  DG,  and  the  CTX 
regions  of  these  3-month-old  tau  transgenic  mice  (Fig.  5). 

We  next  measured  the  presence  of  phosphorylated  tau  species 
present  in  pre-tangle  pathology.  Tau  is  phosphorylated  at  Ser262 
and  T231  early  during  in  disease  progression  in  AD  and  other  dis¬ 
eases  (Goedert  et  al.,  1995;  Hirano  et  al.,  1968).  Despite  the 
appearance  of  pS262  and  pT231  in  pre-tangle  pathology 
(Augustinack  et  al.,  2002),  we  did  not  detect  differences  in  the 
signal  for  these  phospho-tau  species  between  2-  and  3-month-old 
rTg4510  mice  (Supplemental  Fig.  1).  Thus,  these  data  suggest  that 
presymptomatic  detection  of  tau-related  changes  in  neuronal 
function  by  MEMRI  are  associated  with  the  accumulation  of  the 
earliest  conformational  markers  of  pathogenic  tau,  but  not  tau 
hyperphosphorylated  at  pS262  or  pT231. 
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CA3  CA1  DG  CTX 

Fig.  4.  MEMRI-R1  detects  early  signs  of  neuronal  dysfunction  in  transgenic  rTg4510  mice  before  the  onset  of  cognitive  deficits.  (A-D)  Representative  R1  map  of  (A)  2-month 
littermate  control,  (B)  3-month  littermate  control,  (C)  2-month  rTg4510  mouse  (Tg),  and  (D)  3-month  rTg4510  mouse  (Tg).  Quantification  of  AR1  values  in  (E)  CA1,  (F)  CA3, 
(G)  dentate  gyrus  (DG),  and  (H)  superior  medial  cortex  (CTX).  (I)  AR1  comparison  between  different  brain  regions  (CA3,  CA1,  DG,  and  CTX)  in  3-month  and  10-month  rTg4510.  All 
values  are  mean  ±  SEM,  n  =  at  least  4.  ***p  <  0.001,  **p  <  0.01,  *p  <  0.05.  Abbreviations:  CA1,  cornu  ammonis  1;  CA3,  cornu  ammonis  3;  CTX,  cortex;  DG,  dentate  gyrus;  MEMRI, 
manganese-enhanced  magnetic  resonance  imaging. 
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Fig.  5.  MEMRI  coincides  with  increased  signal  of  an  early  marker  of  tau  pathology.  (A-H)  Representative  immunohistochemistry  micrographs  (20  x  objective)  from  2-  and  3-month 
rTg4510  stained  with  MCI  tau.  (I)  Quantification  of  MCI  levels  in  CA1,  CA3,  DG,  and  CTX.  Data  are  mean  ±  SEM,  n  =  3  mice  per  group  and  2-4  slices  per  mouse,  *p  <  0.05.  (J-L) 
Representative  immunohistochemistry  micrographs  of  3-month  rTg4510  mice  in  the  regions  denoted  (CA3,  DG,  CTX)  that  were  statistically  significantly  different  and  show  tangle¬ 
bearing  neurons  and  filaments  (60x  objective).  Abbreviations:  CA1,  cornu  ammonis  1;  CA3,  cornu  ammonis  3;  CTX,  cortex;  DG,  dentate  gyrus;  MEMRI,  manganese-enhanced 
magnetic  resonance  imaging. 


4.  Discussion 

We  used  MEMRI  coupled  with  high-resolution  R1  mapping  to 
measure  broad  neuronal  function  in  mice.  We  identified  longitu¬ 
dinal  changes  in  small  functional  hippocampal  regions  (Fig.  2), 
significant  neuronal  changes  in  aged  tau  transgenic  mice  (Fig.  3), 
and  the  earliest  sign  of  neuronal  dysfunction  in  tauopathic  hippo¬ 
campus  and  cortex  (Fig.  4).  These  latter  changes  coincide  with  the 
appearance  of  MCI -positive  tau  but  not  phospho-tau  protein  ag¬ 
gregates  (Fig.  5).  An  important  and  critical  finding  of  these  studies  is 
the  identification  of  the  earliest  sign  of  brain  alterations  in  a  well- 
characterized  tau  mouse  model,  suggesting  that  MEMRI-R1  can 
be  used  to  identify  the  beginning  of  a  viable  and  potentially  more 
effective  therapeutic  window  in  brains  with  neurodegeneration. 

This  is  a  highly  sensitive  approach  to  perform  subregional  ana¬ 
lyses,  which  permits  quantification  of  broad  neuronal  function  in 
small  areas  of  interest.  The  derived  data  offer  unique  insights  into 
tauopathies  by  establishing  areas  most  susceptible  to  tau-mediated 
neuronal  damage.  Future  translational  efforts  could  also  use 
MEMRI-R1  to  identify  subtle  changes  in  neuronal  function  in  small 
regions  of  the  brain  in  response  to  interventions. 

The  molecular  mechanisms  governing  manganese  uptake, 
retention,  and  clearance  in  brain  cells  remain  incompletely 
understood.  In  10-month-old  transgenic  mice,  we  detected 
significantly  increased  AR1  in  all  the  regions  analyzed  except  for 
the  CA3  (Fig.  3).  Similarly,  AR1  of  3-month-old  transgenic  mice 
was  significantly  increased  from  age-matched  nontransgenic 
controls  in  CA3  and  CA1  but  not  in  DG  or  CTX  (Fig.  4).  The 
presence  of  elevated  changes  in  R1  values,  correlating  with 


heightened  cellular  levels  of  manganese,  suggests  that  normal 
pathways  for  calcium  homeostasis  are  impacted.  Here,  it  is 
possible  that  MEMRI-AR1  detects  calcium  dysregulation,  which  is 
a  major  sign  of  neuronal  dysfunction  that  has  been  previously 
described  (Decker  et  al.,  2015).  These  data  also  suggest  that  the 
mechanisms  mediating  calcium  dysregulation  in  tauopathy  also 
regulate  evident  manganese  mis-sorting.  Therefore,  manganese  is 
an  effective  calcium  surrogate  with  tremendous  potential  to 
reveal  changes  in  calcium  dynamics,  as  an  early  sign  of 
dysfunction  in  disease.  In  addition,  using  manganese  to  monitor 
calcium  pathways  would  be  a  powerful  means  to  measure 
quantitatively  the  effect  of  treatments  on  neuronal  function.  Data 
from  Fig.  3F  demonstrates  that  AR1  in  CA3  decreases  significantly 
over  time.  Together  with  the  suggestion  that  CA3  plays  an 
important  role  in  disease  progression  of  rTg4510  mice,  our  data 
suggest  that  the  CA3  undergoes  significant  and  early  changes  in 
rTg4510,  which  do  not  persist  through  10  month  compared  with 
controls.  Despite  lack  of  persistence,  these  changes  suggest  that 
CA3  certainly  plays  a  distinct  and  crucial  role  in  disease  pro¬ 
gression  worthy  of  further  investigation. 

Despite  the  AR1  aberrancies  in  tau  transgenic  mice,  our 
approach  revealed  distinct  AR1  patterns  at  3  months  of  age  in  all 
imaged  brains.  In  nontransgenic  mice,  AR1  values  increased  at 
3  months  (Fig.  2).  This  pattern  was  significantly  increased  in 
3-month-old  rTg4510  mice  compared  with  2-month-old  rTg4510, 
and  both  2-  and  3-month-old  littermate  controls  (Fig.  4).  These  data 
highlight  important  neurological  processes  at  3  months,  which  are 
altered  in  rTg4510  mice  before  the  appearance  of  significant  tau 
pathology  and  cognitive  impairment. 
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Our  approach  builds  on  previous  studies  (Antkowiak  et  al.,  2012; 
Lin  and  Koretsky,  1997;  Pautler,  2004;  Pautler  et  al,  1998; 
Vandsburger  et  al.,  2012)  to  measure  changes  in  the  brain.  MEMRI 
offers  a  powerful  approach  to  quantitatively  perform  functional  and 
minimally  invasive  measurements  in  the  intact  brain.  Alternatives 
that  reveal  functional  measurements,  particularly  in  early  stages  of 
tauopathy,  are  terminal  procedures  such  as  electrophysiological 
measurements  (Abisambra  et  al.,  2013).  Other  studies  employing 
MEMRI  to  measure  changes  in  rTg4510  mice  have  also  shown 
important  differences.  In  one  instance,  MEMRI  was  used  to  measure 
transport  rates  and  tract  tracing  in  the  olfactory  bulb  and  showed 
that  rTg4510  mice  present  transport  deficits  along  olfactory  axons 
(Majid  et  al.,  2014).  These  data  in  the  olfactory  tract  suggest  and 
support  our  findings  that  there  are  neuronal  deficits  in  the  hippo¬ 
campus  of  tau  transgenic  mice. 

Another  study  by  Perez  and  colleagues  observed  neuronal 
dysfunction  in  the  CA3  of  5-month-old  rTg4510  mice  using  MEMRI 
(Perez  et  al.,  2013).  Since  tau  pathology  ensues  well  before  5  months 
in  rTg4510  mice,  it  was  reasonable  to  measure  changes  at  earlier 
time  points,  which  led  us  to  identify  MEMRI  deficits  as  early  as  3 
months  of  age  in  rTg4510  mice  (Fig.  4).  Our  approach  expands  on 
this  finding  by  adding  sensitivity  to  detect  abnormal  patterns  of 
neuronal  dysfunction  in  the  transgenic  mice  in  specific  subregions 
(DG,  CA1,  CA3,  and  CTX)  as  well  as  significant  differences  in  both  the 
CA1  and  CA3  when  compared  with  nontransgenic  mice.  The  ability 
to  detect  differences  in  neighboring  subregions  of  the  hippocampus 
suggests  that  MEMRI  is  highly  sensitive.  These  data  also  foreshadow 
a  mechanism  of  disease  showing  that  CA1  and  CA3  are  the  first 
regions  to  be  affected  by  tau  overexpression  in  the  forebrain.  Our 
results  are  supported  by  previous  findings  showing  that  rTg4510 
mice  present  significant  tau  deposition  in  CA1  of  2-month-old  mice, 
and  that  tau  aggregation  spreads  to  CA3;  tau  pathology  finally 
reaches  the  DG  by  8  months  (Ramsden  et  al.,  2005). 

Despite  the  robust  differences  measured  in  CA1,  DG,  and  CTX  of 
10-month-old  rTg4510  mice,  we  were  surprised  to  find  that  the  CA3 
did  not  show  significant  differences  from  controls.  One  possible 
explanation  is  that  AR1  in  CA3  is  suppressed  due  to  more  neuronal 
atrophy  in  this  region  compared  with  other  subregions  of  the 
hippocampus.  This  would  lead  to  a  reduction  of  voltage-gated 
calcium  channels  that  would  impair  manganese  influx  (Lee  and 
Koretsky,  2005).  Interestingly,  neuronal  dysfunction  is  detected  in 
rTg4510  mice  at  3  months  in  the  CA3  and  CA1  regions  of  the  hip¬ 
pocampus  when  compared  with  nontransgenic  mice  (Fig.  4). 

An  important  consideration  in  this  study  is  that  the  rTg4510 
model  is  characterized  by  aggressive  pathology  (Ramsden  et  al., 
2005;  Santacruz  et  al.,  2005).  This  is  in  part  due  to  increased 
expression  (approximately  13  times  more)  of  human  P301L  tau, 
which  is  associated  with  onset  of  frontotemporal  dementia  (FTD).  It 
would  certainly  be  interesting  to  establish  the  effect  of  wild-type 
tau  overexpression  on  AR1  changes.  Since  overexpression  of  wild- 
type  tau  leads  to  tauopathic  aberrancies  (Duff  et  al.,  2000),  and 
many  other  tauopathies  are  characterized  by  non-P301L  tau  tan¬ 
gles,  we  would  expect  to  determine  AR1  changes;  however,  the 
extent  of  these  changes  is  unknown.  On  the  other  hand,  the 
mechanisms  of  cell  damage  imparted  by  P301L  and  wild-type 
pathological  tau  could  be  different,  and  as  a  result  AR1  might  be 
normal  in  the  latter  condition.  If  this  is  the  case,  our  approach 
would  be  more  pertinent  to  FTD,  and  as  such,  it  would  be  a  unique 
approach  to  differentiate  FTD  from  other  non-P301L  tauopathies 
AD. 

Electrophysiological  measurements  show  impaired  long-term 
potentiation  deficits  as  early  as  3-3.5  months  in  rTg4510  mice 
suggesting  circuitry  malfunction  in  the  CA1-CA3  (Abisambra  et  al., 
2013).  Other  studies  have  indicated  synaptic  density  deficits  as  well 
as  spine  loss  in  the  rTg4510  mice  at  7-9  months  without  calcium 


dysregulation  (Kopeikina  et  al.,  2013;  Kuchibhotla  et  al.,  2014). 

Therefore,  compensatory  mechanisms  could  be  occurring  in  the 
circuitry  at  later  time  points  to  adapt  to  the  changes  occurring  in 
CA3  at  the  early  time  point  of  3  months  where  neuronal  dysfunc¬ 
tion  is  first  detected  in  the  hippocampus  (Fig.  4).  Electrophysio¬ 
logical  approaches  to  measure  calcium  dysregulation  in  rTg4510 
mice  at  3  months  of  age  are  currently  underway  and  could  highlight 
a  major  molecular  mechanism  leading  to  neuronal  dysfunction  in 
early  stages  of  the  disease. 

5.  Conclusions 

This  study  supports  the  use  of  MEMRI  and  R1  mapping  as  a 
sensitive  and  quantitative  technique  to  identify  changes  in  broad 
neuronal  function  as  a  consequence  of  development,  aging,  and 
disease.  Moreover,  the  MEMRI  application  described  herein  has  the 
potential  to  reveal  early  therapeutic  windows  for  disease  and 
monitor  the  impact  of  treatments  in  patients.  A  major  step  forward 
in  the  field  will  be  translational  efforts  to  use  manganese-based 
FDA  approved  compounds  in  humans  such  as  mangafodipir. 
Finally,  these  data  demonstrate  that  neurological  dysfunction  co¬ 
incides  with  the  appearance  of  MCI  tau  and  before  deposition  of 
hyperphosporylated  tau  pathology. 
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